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RAINFALL 

1. General. A« the extrnt to which a stream should be developed for 
power depends upon the flow of the stream, an do also many details of design 
and the amount of energy available, a knowledge of the elements of hydrology 
h of great importance to me hydraulic engineer. 

Of the precipitation tlmt falls upon a waleished, a part is lost by evapora- 
tion, both by transpuatiun through the pores of vegetable surfaces and by 
direet evaporation from land and water surfaces; an inconsequential amount 
is used by plants in the formation of vegetable tissue; a part may be lost 
through deep seepage or diversion out of the watershed; and the remainder 
appears us runoff at the "ite of proposed use. A portion of this remainder, or 
all of it, mav he developed for i>ower. 

“Roiniull/ 9 when used in a general sense, or 'precipitation/' may lie 
defined a-s the total 'condensation of moislure from the atmosphere that 
reaches the earth, including all forms of rain, ice, and •mow. The rate of rain¬ 
fall is expressed in ruche* of water duiing a given pound of time. 

There ^ available only meager inionnation concerning the influences 
affecting the Munition of rainfall as regards either time or locality. The 
yarn I ion of nunlall with the sea u ons of the year generally follows a well- 
defined rule for each locality, but the influences affecting the variation for 
different year* are too numerous for accurate coordination. 

Figuic 1 indicates the general variation of mean annual rainfall through¬ 
out the United States. In general, the 1 annual rainfall is influenced by topog¬ 
raphy, altitude, ami the proximity of the source of moisture supply. 

When moist in c-laden air reaches mountainous regions it is deflected 
upwards. Encountering the lower pressure of the higher atmosphere, it 
expands cools, and precipitates its moisture. Even on flight slopes facing 
moisture-laden winds, precipitation generally increases with the altitude, 
other things being equal. 

2. Rainfall Records. Most rainfall records are obtained by periodic 
observation of gages. The usual interval is 24 hours. Such observations 
give little information as to rate of rainfall If the record shows that a cer¬ 
tain station had rain of 12 in. during some given dav, often all that is known 
is that there was a total of 12 in. of rain which fell during that 24-hour 
lienod. In hydrological studies (particularly in connection with flood 
studies) it mav lie of the utmost importance to know the rate of rainfall at 
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any given time. Automatic recording rainfall gages provide this valuable 
informal ion, ami in recent years their use has been increasing. 

The Uiiiled States has liecn divided by the IT. S. Weather Bureau into 106 
clirmitologicjil sections, and monthly bulletins for each section are issued by 
the bureau, giving the daily and mean monthly precipitation for each gaging 
station in the section. Anuual bulletins for each section are alflo published, 
and Ihcse tabulate the monthly and yearly means at each station for all 
years of record. The bulletins contain data on temperature, wind, and 
humidity, as well. 

All precipitation records must be* used with a full realization of their 
limitations, which may be summarized as follows: 

(oj Most rainfall stations have lieen located at or near centers of popula¬ 
tion, which usually occur buow the plane of average elevation of the section. 
Hence, as rainfall varies with the elevation above sea level, records obtained 
at these stations arc not truly indicative of average precipitation. 

(h I The monthly precipitation at stations only a few miles apart, subjen 
to the same hydrological conditions, often differs as much as 23 per cent, 
owing to ihe limited width of the sharply defined path of severe storms, which 
constitute a large part of the monthly rainfall. This is particularly true dur¬ 
ing the season of thunderstorms. Few dMricts may be found where rainfall 
stations are close enough together to indicate true monthly averages; but, for 
periods of a year or more, errors are compensating and a reasonable degree of 
accuracy may be exported. 

tr) Annual precipitation varies considerably from year to year, and 
records of considerable length are necessary to indicate accurately the lnoau 
rainfall lor a given station. 

[d) Accuracy of rainfall records varies greatly, and for important hydro¬ 
logical studies a careful investigation of accuracy should be conducted. For 
instance, ,m observer may, for convenience, move a rain gage so near his 
hou^e that it is sheltered and does not correctly record the rainfall. Many 
la dors combine to make the record of a particular rain gage almost valueless. 

Table ] gi\es the maximum percentage of variation from 4fi-year mean 
annual rainfall lor (1) United States area east of M-'ird meridian and (2) 
3-slate group or West Virginia, Kentucky, Ohio, Indiana, anil Illinois. 

3. Mean Annual Rainfall on an Area. In estimating the runoff of a 
'(ream having no discharge record*, tin* recorded runoff of a neighboring 
stream is often used, in conjunction with a study, among other things, of the 
different o in mean annual rainfall on the two areas. Rainfall records on a 
given area arc also used 1o determine whether the years of river-discharge 
records for thal area represent high or low periods. The following steps are 
necessary in the compilation and use of data to determine Ihe annual rainfall 
over a given area or the mean For a series of years. 

All annual rainfall records on, or in the vicinity of, the drainage area are 
tabulated, and niL-ang records for each station are approximated by inter¬ 
polation between records of adjacent stations, so that the records at each sta- 
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TABLE 1 

Probable Deviation of Short-term Precipitation Records from the Tbue 

Mean * 



0) 

U. R. Area East of 

(2) 


103rd Meridian— 

5-State Group— 

Duration 

Probable Percentage 

Probable Percentage 

of Record 

of Error, + or — 

of Error, + or — 

2 

12.H 

20.2 

3 

10.3 

14.1 

4 

8 5 

11 5 

5 

7 5 

8.1 

10 

3.1 

5.0 

15 

1.8 

4.0 

20 

1.2 

2.0 

25 

1.5 

3.0 

30 

1 4 

1.3 

35 

0.7 

1.0 

40 

0.4 

0.9 


* Used also to indicate probable deviation of annual runoff. 

tion rover flu 1 same period of >ears. The mean annual lainfall at each 
station is then determined. 

The u^e of an lsolij etal map furnishes the most accuiale met hod of deter¬ 
mining the mean annual raiiil.dl lor a Riven sneu. An isoln otal map consist h 
of a series of lines ol equal rainfall, indicating the variation in mean annual 
rainlall in a manner similar to that in which the ordinary topographical maps 
unhealc the variations m giouiid-niirfnre plcvutionn by mean-t of eontmiis. 
An lsolnefal map, showing mean annual precipitation in the rnited States, 
is reproduced in Fir. 1. Tsoh>etah covering smaller areas would indieate 
variations in ramlall wlueh it would be impossible to include on the small 
scale of Fig. 1. The more numerous the rainfall stations between which 
the lsolnelaK are plotted, the greater the accuracy of the map. 

The niapb should be diuwn by jilotting all rainfall stations, with tlieir 
mean annual rainfall, on a topographical map of adequate rirulc. The isohy- 
etals should then be draw’ll, due consideration being given to the effect of the 
topographical featuies on probable rainfall, 1 Krause a straight-line variation of 
rainlall between stations does not always obtain, particularly ll the two sta¬ 
tions are in different valleys. The direction of prevailing winds and the loca¬ 
tion of the major souice of moisture supply should Ik* kept iu mind an affecting 
the variation of precipitation with altitude. The deflection of the prevailing 
winds by mountain ianges and the larger valleys should lie studied in con¬ 
nection with the resulting effect on probable rainfall. 

The method of computing the mean annual rainfall, for a given area, 
from an isohyetol map differs in no wny from that used to determine the 
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average elevation of an ami from the contours of an ordinary topographical 
map. 

lbohyctal maps niuy be umh! for the mean annual rainfall for the years of 
mold oi lor each year ot iccord; but, when the rainfall on an area for each 
year of recoid is required, the use of isohyctul maps is tedious and other 
methods are frequently employed, particularly if the available information 
does not pciniit of great accuracy. 



The “weighted method” foi rietei mining the minf.ill on nn area is com¬ 
monly used tor appioMiinlc estimates .iml for cases where a comparison of the 
rainfall of various years 1 -. to Ik* used 1o extend limited recoids of nvcr-dih- 
'diargc gngings In the lattei c.ise the relative rainfall for each >eir of morel 
is as useful as the actual ramf.ill The weighted method, though less exact 
than the ibohyclul method, embodies errors which are approximately the same 
for each >car and therefore aflecls the relative rainfall very bttle 

In the weighted method, each rainfall station ib given a weight depending 
upon the percentage of the whole area which it is considered to repiespnl 
R. E. Iloiton has devised the following method for determining nuch weights 
Plot the different rainfall station-, within and adjacent to the area on a 
small-scale outline map of the area, as indicated in Fig. 2. Lines connecting 
the different stiltior* arc drawn, as 1-2, 2-3, and perpcndirulars are erected 
at the median points nn thebe lines, as AB and BC . Station 1 bes nearer 
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than any other tn all points within the enclosed area ABEFG. Station 2 
lies nearest to the portion GABC , anil Station 3 lies nearest to the portion 
HBKLMN . Points on the line GB are equidistant from Stations 1 and 2. 
Stations 0, 7, and 8 nro not applicable to any portion of the area and may be 
eliminated. This is evident for Station 6, since the perpendicular, OP, lies 
wholly outside the area. Hence no part of the area is as near to Station 6 
as to Station 3. The graphical const ruction is easily checked by the fact 
that the perpendiculars to the median points of the three sides of a triangle 
intersect at a common point, as K for the triangle 3-4-5. The areas of 
the figures nearest the different still ions are determined, and the corresponding 
proportion or the total area is computed. These proportions are the wei gills 
to be given to the records at the corresponding stations. 

The precipitation ut each station is multiplied by its weight, and the aver¬ 
age of the resulting weighted quantities is the probable average rainfall on 
the area. 

As explained heretofore, it may sometimes lie definitely determined that, 
owing to the characteristics of the topography and prevailing winds, a rain¬ 
fall station will not truly represent the average rainfall on the corresponding 
area from winch it derives its weight. In such circumstances, the recorded 
rainfall at that station for each year should be increased or decreased as 
the case may be; or the correction may be applied by using the acluiil rain¬ 
fall records bul changing the weight a corresponding amount, in which event 
the smn of the weights would not equal unity. 

See also Section (), Chapter (3. 

4. The Rainfall Year. In making comparisons of annual rainfall to 
annual runoff, it should be remembered that much of the November ami 
December rainfall may run off in January or February of the next year. A 
comparison of the rainlall of a calendar year with the runoff during that year 
would, therefore, be liable to considerable error. Since rainfall during the 
dry season has no appreciable effect on the total annual runoff, more accurate 
comparisons may be made by unng a “runoff year," beginning at the end 
of the dry season when ground storage is about depleted. 

The U. S. Ecological Survey lias adopted the practice of publishing runoff 
data in runoff .\ears, beginning with ()ctul>er 1, the end of the low-s! ream-flow 
or dry season throughout most of the Cm ted Stales. Comparisons with rain¬ 
fall should be made lor a “rainfall year,” covering Ibe same period or, since 
runoff is not exactly coincident m time with rainfall, for large areas, a month 
or two ahead, or lor the year beginning September 1 or August 1. 

6. The Average Frequency of Dry Years. If rainfall reeords of suffi¬ 
cient duration are available, the average frequency of occurrence of given 
mean annual rainfall intensities may bo determined with a fair degree of 
accuracy by the luw of probabilities as described in Section 4, Chapter li. 

The annual rainfall at Peoria, Peoria Co., 111., lias lieen thus examined in 
Table 2. 
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TABLE 2 

Computations for Determining the Frequency of Annual Rainfall at Peoria, 
Peoria Co., III. Fifty-three Years of Records 


(1) 

Annual 

(2) 

(3) 

Summation 

(4) 

(5) 

Inches of 

Number of 

of Occur¬ 

Percentage 

Yearly 

Rainfall 

Occurrences 

rences, n 

of Years, p 

Frequency 

24 

1 

1 

0.044 

105.8 

25 

1 

2 

2.83 

35.3 

26 

2 

4 

6:60 

15.15 

27 

2 

6 

10.38 

9.65 

28 

1 

7 

12.27 

8.15 

26 

3 

10 

17.02 

5.57 

30 

1 

11 

10.8 

5.05 

31 

6 

17 

31.1 

3.22 

32 

2 

10 

34.0 

2.86 

33 

6 

25 

46.2 

2.16 

31 

1 

26 

48.1 

2.08 

35 

2 

28 

51.0 

1.03 

36 

6 

34 

63 2 

1.58 

37 

1 

35 

65.0 

1.54 

38 

1 

36 

67.0 

1.40 

30 

3 

39 

72.7 

1.37 

40 

5 

44 

82.1 

1.22 

41 

1 

45 

84.0 

1.19 

12 

3 

48 

80.7 

1.11 

43 

1 

40 

01.5 

1.00 

44 

1 

50 

03.5 

1.06 

45 

., 

.. 

... 

.... 

46 

.. 

., 

.. 

.... 

47 

,. 

,. 

•.. 

.... 

48 

.. 


.... 

. 

40 

1 

51 

<15.3 

1.05 

50 

1 

52 

97.2 

1.03 

51 

. 

. 

.... 

. . . 

52 


.. 

• ■ . 

.... 

53 




.... 

54 

1 

53 

00.1 

1.01 


m ■» 53 

The second column indicates the number of times the mean annual rain¬ 
fall had a value between the corresponding amount in Col. 1 and that in the 
line next above. Three times during Ihe period of fifty-throe years covered 
by the records, the annual rami all was between 41 and 42 in. 

Column 3 is a Munmntion of Col. 2 and indicates the number of times 
during the period covered by the records that the rainfall was less than the 
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amount indicntod in Col. 1. Forty-eight times during the period, the annual 
ms less than 42 in. 


IiCt n = the summation of occurrences as indicated in Col. 3, 
m - tlic total numl)er of occurrences, in this case = 53, 
p = the jierccntagc of years in which tJie annual rainfall probably will he 
less tluin a given amount (Col. 4). 

Then, from Eq. 5, Chapter 6, 



Tlic values in Col. 4 arc calculated from tlu* above equation. The result 
indicates that, an annual rainfall less than 42 in. may he expected in S9.7 f / r 
at all future years. 


Probable frequency, in yeais, with which rainfall 
will be equal to or less than given amount 



Percentage of years given rainfall will not be exceeded 
Flo. 3. Probability curve of mean minimi lainfall ul Poona, 111. 


Finally, the probable frequency, 7, in years, willi which the lauitall will be 
equal to or less Ilian a Riven amount may be found from Eq. fi. Chaplei (i, 

j - ! L M,// _ Uli* 

nip p 

where jj is the number of years of record, which in this case equals m, the 
number of occurrences. 

With this equation, Col. ft may be calculated. The result indicates that a 
mean annual rainfall less than 42 in. may Ik* expected, on an average, once in 
1.11 years. Columns 1, 4, and A are plotted in Fig. 3. 

The curve projected through the plotted pom Is represents the rainfall 
prollabilities at the station as nearly as lliey can be determined. It indi¬ 
cates that a mean annual rainfall of less than 23.3 in. should l>e expected to 
occur not oftener than once in about UK) years. 
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This method should give acrurate results fur records of groat length; but 
must records are for relatively short periods and are subject to the errors 
pointed out in Section 2. Average yearly rainfall on a drainage area may be 
used, instead of that of a single station, to obtain corresponding rainfall 
probabilities for the area. 

6. Air Masses and Cold Fronts. By the use of a network of simul¬ 
taneous airplane observations at 4:00 a.m. Eastern Standard Time, weather 
permitting, the U. S. Weather Bureau with the aid from the Army and 
Navy takes daily soundings of the atmosphere, up to 5000 meters. An 
attached meteorograph automatically records on a chart the pressure, tem¬ 
perature, and relative humidity, from which data the weather may be pre¬ 
dicted with some accuracy and the presence of any unusual air mass may be 
readily discovered and measured. 

An air mass is deiiricd as an extensive portion of the atmosphere which 
approximates horizontal homogeneity as to temperature and moisture con¬ 
tent. Such an air imps occurs wherever the atmosphere remains at rest 
mcr an area of uniform surface properties for a sufficient time to permit 
the atmospheric prnpeilies to reach approximate equilibrium with respect 
to the sun ace beneath. Hucli a surface is referred to as a "source region.” 

A polar air mass of celd air originates in the polar regions; a tropical 
air mass of warm, iiioHtine-1 ulen air originates in the tropics or subtropics. 
Considering the North \ ivncau continent as affecting weather and rainfall 
in the United states, thei are the following source regions: 

Polar Continental finm over Canada, Alaska, and the Arctic. 

Polar Pacific from the Arctic or sub-Arctic, rt aching the Pucific Const of 

Canada and the United States and passing eastward over the continental divide 

Polar Athmtie from the North Atlantic Ocean. It nuely affects weather west 

of the App.il;iclii:ui Mountains. 

Trnpifd Gulf from the Gulf of Mexico, Caribbean Sea, or farther southeast. 

Tropical Atlantic from the Sargasso Sea in the Atlantic Ocean. 

The chief sources of rainfall east of the Rocky Mountains are tropical air 
nia-se*, from the Gulf or Southern Atlantic moving northward over the great 
plain* or the ccm.i1 plain. These warm, moisture-loden air masses are raised 
and cooled by a geneial rise in ground elevation by being pushed upwards 
by lieaxy, low-1 ving polar air. As n result their temperature is reduced 
unlil they can no longer hold their moisture, and precipitation takes plarc. 

The limiting edge ol a polar air in jim is commonly called a “cold front.” 
When a tropical air ina«s, moving northward, encounters a cold front, deposi¬ 
tion of moisture occurs, the amount de]>ending upon the extent of the cold 
front and the humidity anil extent of the tropical air nia«. Extremely large 
and moist air masses often result in precipitation of unusual proportions 
when such a ‘‘collision” occurs with a large cold front. 
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that influence evaporation is necessary, however, for the correct interpreta¬ 
tion of runoff data and their extension over the period for which rainfall data 
alone an* available. Such knowledge is also helpful in estimating the runoff 
from drainage areas (or which no meter gagmgs, or only intermittent ones, 
are available, and for predicting the probuble frequency of certain flood 
discharges of streams. 

The rate of evaporation of free moisture from Land and wafer surfaces 
is controlled by climatological conditions and liquid temperatures. The rate 
of evaporation of moisture absorbed from the sod and transpired hy plants 
is controlled both by climatological conditions and by the nature and extent 
of the vegetal cover. 

While the rate of evaporation at .a given time ih determined by the factors 
mentioned, the amount of water evaporated during a given interval is gov¬ 
erned also by the amount of available moisture present during that interval, 
or hy wliat Horton termed the "evaporation opportunity.” The evaporation 
opportunity is controlled by the amount, rate, and character of precipita¬ 
tion, the surface runoff, the infiltration, the vegetal cover, and the possibility 
of recapture of soil moisture by capillarity or through the Toots of plants. 
Water supplied to fields for irrigation offers additional opportunity for 
evaporation. 

2. Evaporation from Water Surfaces. The effect of climatological 
conditions on evaporation is shown by Fig 2 taken from Movers "Evapo¬ 
ration from Laker* and Reservoirs,” in Minnesota Resow rett Commission 
Bulletin Til* This shows the variation of evaporation from free water 
surfaces in the United States. The line* of equal evaporation refer In "shallow 
lakes and reservoirs.” The bulletin defines shallow lakes and reservoirs as 
those not over 35 ft in depth. 

It. is an established fact that evaporation increases greatly with ail in¬ 
crease in temperature and wind velocity, and dccicaM's with an increase ill 
at most ill one humidity. However, evaporation does not cease when the rela¬ 
tive humidity roaches 100 r ;. Water vapor is much lighter than the dry 
gases of the atmosphere and always tends to rise. 

During the year, the air tenipeiature, being the effect, follows the heat 
received from the sun, w T hirh is the caui-e, with considerable lag. The tem¬ 
perature of bodies of water in turn lags material^ behind the temperature 
of the air. This is true for temperature changes during the day and also 
during the season. The extent of ihe lag of water tempeiatures lielunri air 
temperatures depends upon the rate of change in air temperature and the 
depth of the body of water. 

Meyer’s studies on Lake Siqierior, reported in his build in, indicate that 
the area of the body of water has relatively little effect upon the rale of 
evaporation, wdicrcas the depth of the water very materially affects the rate 
of evaporation. 

* Numbers in brackets refer to itcmti in bibliography at end of chapter. 
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Fig. 2. Mean annual evapoiation fiom shallow lakes and reservoirs' depth in inchea. 
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Although a reduction in barometric pressure is knoivn to cause an in¬ 
crease in evaporation, nevertheless the n*dnction in temperature which nor¬ 
mally accompanies an increase in altitude more than compensates for any 
increase in evaporation due to the lower barometric pressure at higher alti¬ 
tudes. For example, evaporation on Pikes Peak, with an altitude of more 
than 14,000 ft, is only about one-fourth as much as at Denver and Pueblo, 
with altitudes of about. 5000 ft. 

The monthly variation in evaporation in different parts of the Tnited 
States is given in Tabic 1 as compiled by Adolph F. Meyer. These values of 

TABLK 1 

Evaporation fhom Lakes and Reservoirs in Inches Depth 


Station 

Jan 

Feb. 

Mar. 

Apr. 

B 

June 

July 

Au«. 

Sept. 

Ort. 

Nov 

Dee. 

Annual 

Eastport, Me. 

0.7 

0.7 

0 0 

1.1 

i 

1.7 

2.0 

2.1 

2 0 

1 6 

1.1 

0.7 

10 0 

Albany, N. Y. 

0 8 

0.7 

1.1 

IHJ 

El 

4.3 

5 2 

4.7 

3 4 

2 4 

1 4 

0.8 

20.8 

Nauturket. Mam. 

eh 

EH 

0.0 

1.2 

1.0 

2.2 

2.7 

2.0 

2.7 

2.4 

l.G 

1.0 

20.0 

Atlantic Ocean off Capa 
(\>d 

3 0 

25 

2.0 

1 5 

1.0 

1 5 

1.5 

2.0 

2.5 

3.0 

3.5 

4 0 

2B.0 

Scmntnn, Pa. 

0.0 

EH 

1.1 

2.0 

3.1 

4.0 

4.7 

4 2 

3.0 

2.3 

1.4 

0.0 

2B.1 

Richmond, Va. 

1.3 

1.7 

2.2 

3.5 

4.1 

5.0 

5.0 

4.0 

4.1 

3.2 

2.4 

1.5 

30.5 

Gulf Stream off Cape 
Huttrras 

B 0 

0.5 

8.5 

7.0 

5.5 

3.5 

3.5 

3.5 

5.5 

9.0 

0.5 

10.0 

84.0 

Auffunta, Ga. 

1.8 

2.1 

3.0 

4.2 

5.3 

0.2 

8.5 

5.8 

5 3 

3.9 

2.6 

1.7 

48.2 

Miami, Fla 


3.4 

4.1 

4.0 

5.0 

4 8 

5.3 

5.1 

4.3 

4.1 

4.3 


51.0 

Gulf Ktrram off Key 
Went 

fi.O 

5 5 

5.5 

5.5 

5 5 

5 5 

0 0 

6.0 

6 0 

6 0 

0 0 


68.0 

Cincinnati, O. 

O.B 

0.0 

l.fi 

2.0 

3.0 

5.1 

6.2 

■1 

4.0 

3.4 

2.1) 

1.0 

38.0 

Nuahville, Trnn. 

0.0 

1 3 

1.B 

3 3 

4.1 

5 1 

5 8 

HP 

4 0 

3.7 

2.1 

1.1 

30.6 

New OrleanH, la. 

1.4 

2.0 

2.0 

3.0 

4.8 

5.5 

5.8 


5.7 

4.0 

3.2 

1.7 

47.2 

Duluth, Minn. 

0.3 

0 3 

0.7 

1 4 

2.1 


eh 


3.6 

2.4 

1.0 

0 3 

22 4 

North Platte, Ncbr. 

0 8 

1 1 

2 2 

3.7 

5 0 


EH 


6.0 

4 0 

2 6 

1 1 

51.5 

Columbia, Mo. 

0.0 

1.1 

HI 

3.2 

3.7 

Bf] 

6 2 

6 3 

5.1 

4 0 

2.5 

1.2 

40 6 

Palestine, Tn 

1.6 

2 2 

m 

4.4 

5.1 

BJJ 

7.8 

8 0 

0.0 

5.3 

3.3 

1.0 

56.3 

Brownsville, Tex. 

1.5 

EH 


4.4 

5.4 

BJ 

0 B 

7.1 

5.0 

4.0 

3.2 

1.7 

52.3 

Havre, Mont 

0.5 

ut 


2 5 

4 5 

BE 

8.2 

8.3 

5.6 

3.3 

1.5 

0.7 

42 8 

Yellowstone Park 

0.7 



2.0 

3 0 


0.4 

6.7 

4 8 

2.0 

1.0 

0.7 

35.2 

Boise, Ida. 

O.B 

EH 

Bl 

3.R 

5.3 

7.1 

10.6 

10.1 

fi 3 

3.5 

1.B 

0.0 

53.8 

Denver, Colo. 

1.6 

1.8 

ESI 

3.7 

5.0 

ED 

8 B 

8.4 

0.7 

4.6 

3.0 

1.0 

55.4 

Pikea Peak, Colo. 

0.5 

0.4 

iSS 

0.8 

1.3 

2 2 

2 0 

1.8 

1.7 

1 3 

m 

ED 

14.0 

El Plow, Tex. 

3.1 

4.2 

n 3 

8.5 

10.0 



9.7 

8 4 

EH 

m 


88.6 

Yuma, Aril. 

a.B 

EH 

m 

8.0 

0 8 



12.0 

10.7 

8 0 

Ql 

Ba 

00.9 

Seattle, Wimh. 

o a 

ID 


EO 



3.0 

3 4 

2.6 

1.0 

ns 

In 

24.5 

Baker, Ore. 

m 

Eu 




EH 

6.0 

7.3 

4.9 

2.0 

1.5 

0.6 

37.0 

Winnemueen, Nev. 

(TO 

■9 

eh 

Wnm 


Bl 

11 2 

10 8 

7.2 

4.3 

2.5 

1.2 

58.9 

Mt. TiuiialiNua, Calif. 




m 

SoP 

Bl 

0.5 

0 5 

9.0 

7.0 

4.0 

3.0 

06.2 

Han FninciHeo, Calif. 



sTfl 

iijj 


Iff 

2 7 

2.5 

2.11 



1.7 

28.1 

Fresno. (W. 



p 

Af 

0.2 

0.3 

12.0 

11.8 

8.1 

i 

I 

1.2 

04.1 


computed evaporation may lie considered representative of actual evaporation 
from lakes and reservoirs in the regions concerned, within the limits of the 
present knowledge about factors that influence evaporation. The data 
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should Ik* quite accurately comparative Ijocausc the same formula, was used 
at all stations and it was applied to as closely similar meteoroloffir.il data 
as could he secured with present instruments and under present methods of 
observation. 

It is often necessary to alter the estimated stream flow to compensate 
for evaporation from future reservoirs to be built in connection with a water- 
power development. Usually the area of such artificial bodies of water con¬ 
st it uteh a very small percent ace of the area of the watershed, and estimates 
of evaporation bused on Meyer's map are well within the degree of precision 
in the si ream measurements upon which such estunates of flow are based. 
For reservoirs intended to equalize the flow of streams over a long period 
of years, the cumulative evaporation loss over 10, 15, or 20 years becomes an 
important consideration and deserves careful attention. 

The engineers of the U. S. Bureau of Reclamation prefer to base tlieir 
estimates of evaporation from large reservoirs upon actual experiments at the 
site or at the nearest px]>oriinental station rather than to use any existmg 
ei aporat ion equation. 

It is the opinion of the Climatological Division of the IT. S. Weather Bureau 
that there is no safe method for determining evaporation except by actual 
pan observation. However, the reduction of all pan observations to equiva¬ 
lent reservoir evaporation is still uncertain, even though a ratio of 70 f1f r of 
II. S. Weather Bureau pan evaporation is considered reasonably indicative 
or reservoir evaporation in many parts of the United Stales. In California, 
Young [71 recently found a coefficient of 7S r #. In view of the large changes 
which occur in evaporation even when the average of successive decades is 
com-irlered, a*> shown in Meyer’s bulletin [1|, Table 2, it is evident that the 
few >car- of puu observations which can he made prior to the construction 
of a rorscrvuir may Rive a far from true picture of either mean annual evapo¬ 
ration or the change in evaporation from year to year. To illustrate, the 
evaporation from water during the drought of 1934 in the Middle West was 
about twice the evaporation in 1943. 

Many engineers, in estimating the evaporation for a particular reservoir, 
have asMiined that the evaporation is approximated equal to the precipita¬ 
tion in that region. This rule-of-thumb assumption is erroneous since both 
the precipitation and evaporation differ in different parts of the country, 
depending on unrelated factors. 

Figure 3* serves to illustrate the possible difference between evaporation 
and precipitation in various parts of the country. At Elkins, W. Va., the 
chart shows a large excess of precipitation over evaporation; while at Havre, 
Mont., the evaporation is greatly m excess of precipitation. Also, for com¬ 
parison, the chart shows precipitation and evaporation approximately equal 
at Memphis, Tenn. 

* Taken from Meyer's bulletin. For similar graphs of other localities, Bee 
Kef. 1 of Bibliography, Section 9. 
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3. Evaporation from Land Surfaces and Transpiration. Evaporation 
from land surfaces and transpiration are governed by the same climatological 
fad on- as evaporation from water surfaces; but evaporation decrease's with 
the extent of vegetable shade, and transpiration increases with the hours of 
sunlight during the growing season. Both are greater on watersheds sloping 
to the south and subject to the ilircct force of prevailing winds. 

In the Wed, where most of the stream flow, exclusive of floods, is derived 
from melting snow, where the plateaus, plains, and bottomlands contribute 
little water to streams, and where irrigation provides the major supply of 
moisture on cultivated land.', the term “consumptive use" has been applied 
to the evaporation and transpiration loss from land areas. This term in¬ 
cludes not only the moisture transpired by the plants or retained in the plant 
tissue, but also the rainfall and irrigation water evaporated from the foil 
and the surfaces of the vegetation. For a detailed dissertation on consump¬ 
tive use the* reader may consult Refs. 8 and 9 of Bibliography, Section 9. 

The character, condition, and extent of vegetation have a direct bearing 
on the rates of evaporation and transpiration; but the relation is not well 
established. The authors’ cnreiul examination of the published results of 
many exiiernnentu and of the opinions of numbers of writers lias led to the 
concliHion that no general agreement has l>ocn reached. Mctid* has said 
Unit “Observations in Wisconsin indicate that little change occurs in the flow 
ui streams after deforestation . . . but that about the same amount of 
water is vaporized by the second growth aud the crops or other vegetation on 
deforested areas." 

Jt would seem, therefore, that at the present time one must assume the 
preponderating influence to be that of temperature and evaporation oppor¬ 
tunity, the latter being nfleeted by precipitation and the nature of the geo¬ 
logical and topographical features of the watershed. 

4. Effect of Character of Rainfall on Evaporation Opportunity. The 
percentage of evaporation from short, light showers ih quite excessive, par¬ 
ticularly if followed by sunshine. Heavy rains run o(T quickly, whereas light, 
continuous precipitation is conducive to infiltration and percolation. As 
temperature, more than any other factor, controls evaporation, winter pre¬ 
cipitation pioduces the greatest percentage of runoff. The amount of evapo¬ 
ration increases with the annual rainfall, but the percentage of evaporation 
decreases with the rainfall. 

Snowfall and frozen rain remain foi long periods subject to evaporation, 
but they occur during seasons when the rale of evaporation is relatively 
small. This form of precipitation, therefore, is favorable to large runoff. 

lor individual rain storms, the evaporation increases with the amount of 
rainfall until the surface of the ground becomes thoroughly saturated. If 
rainfall increases above this point, the rate of evaporation remains practically 
eonstanl; i.e., practically all the additional rainfall above this point is dis¬ 
posed of by infiltration or apiiears as runoff in the stream. 

♦So** Ref. 10 of Bibliography, Section 9. 
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5. Rate of Surface Runoff. Evaporation varies inversely with the rate 
of surface runoff, or directly with the length of time that surface water is 
subjected to the influences governing evaporation. The average slope of the 
watershed is the principal factor governing the rate at which the surface 
water passes to the streams. 

All plant growth affects, to some extent, the rate of surface flow. Forest 
cover is considered by many to reduce flood flows because it offers great 
obstruction to surface flow. In all probability, tlic dense underbrush accom¬ 
panying forest growth has the greater influence. However, (his effect may lie 
reversed if forest shade delays the melting of snow until the heavy spring 
rains sot in. The relatively grealer effect of forests on delayed runoff is prob¬ 
ably negligible during normal rains. 

For each rainfall, practically a constant amount of water is intercepted by 
vegetation and later is evaporated without reaching the ground. The amount 
would naturally be greater for denser growths, but the proportion of the rain¬ 
fall thus held back is small except for very light rains. 

Lakes and swamps, liecaiw of their great relardmg effect on the rale of 
surface runoff, afford the greatest opportunity for evaporation. In Mime 
climates the evaporation from such areas may greatly exceed the rainfall. 

6. Facilities for Infiltration. Evaporation varies inversely with the 
porosity of the soil. Sandy soils greatly increase the infiltrillion and hence 
the low-season runoff, and tend, lo a great extent, to equalize the flow of 
streams.* The depth of llie pervious layer of soil is as important as the 
porosity of the soil; for, unless the water percolates to depths beyond reach 
of capillarity and absorption by roots, much will be returned to the surface 
and evaporated. Clayey soils anil rocky slopes are not conducive to infiltra¬ 
tion. Plowed ground is one of the greatest agents of infiltration, because, 
by the action of the plow, the hard top layer of the soil is loosened and its 
Ciipacity for absorbing water is increased. Plowed fields should therefore 
increase the low-season stream flow by ground storage, provided the deptli 
of soil is sufficient to conduct the water beyond reach of crops. 

Flat slopes, lakes, swamps, and all vegetation retard flow and promote 
infiltration but, at the same bine, provide greater evaporation opportunity 
unless the soil is quite perviou*. Such agencies, therefore, tend to promote 
regularity of stream flow but reduce the total runoff. 

Ground that is presaturated bj' long, heavy rains “offers a material reduc¬ 
tion in capacity for infill ration. This is one of the principal contributing 
causes of excessive floods. Frozen and particularly ice-covered ground forma 
an efficient barrier to infiltration. As a result, many winler rains in northern 
latitudes appear entirely as stream flow and are, indeed, soundiines augmented 
by melting snow. 

7. Recapture of Soil Moisture. A considerable portion of the rainfall, 
having disappeared as seepage, is returned to the surface by capillarity and 
through the roots of vegetation. Percolation is resisted by capillarity, which 

* See Section 1, Chapter 3. 
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tends continually to supply ihe surface of the soil with moisture from the 
wnter-ljoarmg strata. According to Hozen y the height to wliich water will 
be lifted by the capillarity of the soil varies inversely as the square of the 
size of the individual grains. Evaporation, through recapture, therefore, 
varies inversely with the size of the soil grains and the depth of the water¬ 
bearing noils. 

Clayey soils not only resist infiltration and percolation by their relative 
impcrvinusness but also have greater capillary attraction. Hence, such soils 
are not productive of runoiT by seepage or ground-water flow. Sandy soils, 
on the other hand, promote scepuge, rmist capillanly, and produce well- 
regulated high-percentage runoff. 

The major portion of the water used in transpiration is derived through 
the root systems from the soil. Deep root systems have, therefore, the great¬ 
est capacity for recapture. For this reason heavy forest growth is consid¬ 
ered to have a relatively unfavorable effect on the extent of permanent or 
dee]) seepage during the growing season. This is true only if the water tab]. 1 
is relatively low, because, for lugli water tables, an equal opportunity for 
reraplure by transpiration exiMs for the smaller root systems. 

8. Irrigation Water. The amount of water used for irrigation and the 
percentage which returns to llie stream depend upon the nature of the crops, 
the nurture and subsoil, the amount of water available, and the irrigation 
methods m use. Unless detailed knowledge of the existing or proposed irri¬ 
gation project is available, it is better to assume that at least two-thirds of 
the water used for irrigation is lost through evaporation and transpiration, 
although tests hn\e indicated that, under certain conditions, InS per cent 
may be returned to the stream LIS]. 
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CHAPTER 6 


FACTORS AFFECTING RUNOFF 

1 General 4 know 1r d^c oi tlir futois (fluting the runoff charncter- 
Nh." oi (It im\*c in is i» putinil nl} csscntnl whtn, m tin disc nee of stu ira- 
Ilow records tin molded runoll of a neighboring stieun ib used to estimate 
1 lie jiiol ibk iinoinit ind distribution oi nmofi nl a stu nn, to lie developed 
lot pen u hi i conipnison oi the lelilrvi lunofl ihuictmsticb ol the two 
xxiliudieek Iln^ ehipler then foie tre its oi the prictical application of 
this knowledge to su h coinpmsons 

Uk di^i osiiion oi i mil ill 1 1n suit snuiee of runoff, is descnlic d in Section 
1 Uiiptci 1 Ilie ]iemiit i*i of nud ill tli it ippe irs is nuiolf at the bite 
oi pioptMd use a uies width Pi*uic ] inelie ites the ivei ige umual runuft 
in Ilie I lined Miles The nmofi fioni mdnielud ire is diQtis considerably 
licnn the i\ri uses shown (Upending upon loc d conditions 

loi sin mi without iimiple tr it 1 if Kid storigp the distribution of the 
lot ll n noil be (nine* ol pii i mount inkiest is dtectinp the witei i\ alible 
oi power 

J Ik c\tui! cjf ^imind «doi ige or the dnlitx oi the ground to absorb *1 jwrt 
ol tJic i uni ill to In elilixtied to the stie im weeks oi months liter w the foini 
ol secpi .,1 (com ins to llu gre itist extent the elisltihulion of runofl JdTost 
el the flow ni slie mis during pciieulb of (bought is derived from ground 
ten i*i 

1 \ i]ioi itiou is la f a the most uiipoit mt I if lor influeiu ing the percentage 

of i imf ill tli l fine! it-> w i\ to the Mu mi ihe conditions dice ting cw ipo- 
i itiun ire inelir ifed m Pig 1, (hiplci 2 11k rite oi cvtpontion is 

governed jinneipdh in tempnituie but the imoiint of eviporition and 
us i i ond diM ill hi turn n which tie online u ib most interested, are con- 
lulled pmiripilh lx tin geologic d tonnition oi the witershed 

\\ iter is MJiiieiinies diverted fiom the dnunge ire i tor inunicipil and m- 
du tml w dti supplic Joi other wiki pewer, for migition, or for other 
puij osls Such i mounts pm usuilly be elo^-eh determined and deducted 
fiom the computed lunoJi if thex oeeur dime the point of proposed use 

2 Deep Seepage Deep scepige is thit portion of the runoff which 
li sses thiough the underlying cirth or rock strife below inv possible inter¬ 
cepting eulofl it the dam, or wlurh senps through the clixide into another 
xxiteished It is usinlh lneonsoejuentnl but cisrs have been cited where 
scepigr from i veix smdl di Hinge are i into in ldjicent dramage basin hab 
c uised se nous losses 
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For small drainage areas, a careful comparison of the geological formation 
with tint m adjacent \ alleys should always Iks made, to detcimine the possi¬ 
bility ol deep seepage. 

Figure 1 ih a section through two watersheds and shows how deep seepage 
ruav augment the flow of one stream to the detriment ot another The per¬ 
centage of rainfall lost by deep seepage into adj icent wateishedb becomes 
lapidly lets as the drainage area increases 
In some sections of this country, the geological iomnturns are such that 
large subterranean cavities e\i&t in the liedrock and receive pirt and some¬ 
time* all of the (low of the stream This is a spent! form of deep seepage. 



Fig 2 Wet and div seison giound-witer <rtigis bhowing deep seep me loss fiom 

a wat( islird 


3. Geological Characteristics of the Watershed. Strep, impel mous 
areas are productive of a largo percentage of tot il runoff but ire without 
idequite ground storage ind henre are chu icte risfic of small dry-s< i soil 
flows U\diogiaphs of siuh are is show flisliy chir uteristics Rock suit tee'* 
are not necpssmh liqitmnib, all hough generally so Rome ilissos of roek 
on relitrwlv flit suffices ire quite pervious and otter excellent opportunifv 
for ground stni ige Chycy surf ires and other shillow earth eo\(tmg over 
impervious rock absorb little water. 

The hrge e mtics whuh exist m some linn stone form it ions n<» excellent 
storage rest non* eif ground w iter if the eirth nnmng is pervious Whiles 
and shde\ sandstone are quite impervious 
Table 1, t iken from the 1015 Ropoil ol the Wiler Supply Commission 
of Pennsvlv ima, mrlirihs the extreme divergente of flow timing tunes of 
drought, from idiuent drainage areas 
Rpung and Raid Eiglt Creeks, in Center Co, Pi, have approximately 
equal drainage areas The remarkd>ly better yield from Spring Creek is 
attributed entirely to the greater oppoilunities fen ground storage afforded by 
the limestone formation which prevails goner illy throughout its drainage 
area. The better storage of Spring Creek is *dso indicated clearly by the 
uniform December and Jinuary flow, as com jut pi I with the increase from 8 
to 63# runoff for the samr months from Bald Eagle Creek following a wet 
period which embraced both areas 





EXTENT OF LAKES AND SWAMPS 


TABLE 1 

Comparison of Limestone and Non-limestone Yields Duuing Low 
Pkkiod of 11)14-1915 



Spring Creek 

Bald Eagle Creek 


(145 Sq Mi), 

(140 8q Mi), 


Limestone Formation 

Non-limestone Formation 

Month 





Discharge, 

Per Cent 

Discharge, 

Per Cent 



sec-ft 

of Runoff 

BCC-ft 

of Runoff 


lier sq ni 

to Rainfall 

per sq mi 

to Rainfall 

Reptemlier 

1.23 

971 

0.27 

14 

Oct ulicr 

1.24 

60 

0.04 

2 

November 

1.30 

118 

0.10 

9 

Dccemlier 

1.26 

45 

0.22 

8 

January 

1.70 

43 

2.6!) 

68 


Flat, mqierviou* .‘irons are productive of irregular rates of runoff at all 
seasons Stream Him from such area* v* far from uniform but not so flashy 
a* th.it from sfepp, impervious arena. Flat areas having coarse, sandy soil of 
considerable depth produce the ino^t regular runoff. 

The relative unpervumsiioss of watersheds can be approximated by a care¬ 
ful inspection of the surface, in which consideration should be given to the 
extent of outcropping rock and of the subsurface conditions at ravines and 
excavations. 

4. Extent of Lakes and Swamps. Increased discharge from a natural 
body ot water is produced by a re*c of water ‘•airfare, which results in a greater 
depth and slope of the outlet channel This necessary rise of water surface 
provides temporary storage which retards the flow of the stream. The extent 
to winch the flow will l>c equalized depends upon the extent of rise and the 
area of the water surface. Narrow outlets, requiring large fluctuations in 
^tage for changes in stream discharge, nre indicative of good natural storage 
and relatively steady runoff characteristics 

Although Ihe tendency of all lakes and swamps is to equalize the flow, 
evaporation from the surface of water reduces the total runoff. The effect of 
evaporation is negligible during freshets and flooils, and the maximum rate 
of runoff is materially reduced with the extent of lake and swamp area. Dur¬ 
ing extremely dry jieriods, however, expensive evaporation may equal or 
exceed the surface flow and result in zero runoff if the area of water surface 
is a large percentage of the total tributary basin. 

The percentage of runoff that is evaporated from water surfaces depends 
upon the proportion of urea of water to land surface and upon the rate of 
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evaporation from tlic water surface. It. was indicated in Section 2, Chapter 
2, that evaporation from water surfaces decreases as the depth of water 
increases. Deep lakes are, therefore, productive of better regulation than 
shallow ponds and swamps. The extreme uniformity of flow' of the Richelieu 
River, shown in Fig. 5, Chapter 10, is caused by the equalizing effect of 
Lake Champlain, which has considerable depth. Shallow' lakes with wide 
outlets, and particularly swam]) and marsh areas, though ordinarily beneficial 
to the regulation of ordinary and flood flows, are a menace to dry-season 
flows on account of extreme evaporation. 

The equalizing effect of natural bodies of water during seasons of low flow 
depends principally, therefore, upon two conditions: first, the evaporation 
opportunity, which is fixed by the area of will or surface in proportion to the 
tributary area and the depth of water; and second, the storage character¬ 
istics, which are dependent upon the absolute surface area and the* width 
of outlet. The effect of these conditions may be beneficial to good regulation 
or decidedly the reverse, deluding upon whether evaporation or storage 
has the greater influence. 

The effect of lake and swamp area should be evaluated according to 
whether the rate of minimum flow or that of ordinary flow has the greater 
influence on the value of the development. The revenue from the output of 
developments, without auxiliary plant and serving a primary market, is fixed 
by the rate of minimum run off and is therefore affected adversely by great 
extents of shallow* lakes and swamp areas Developments with auxiliaries, 
or serving a secondary pmver market, or having limited storage, depend upon 
the rate of ordinary flow’s and may he benefited by shallow Jakes and swamps. 
Development operating in ronjuiiction with large storage reservoirs need 
little or no assistance from natural storage, and hence the oulpiit is reduced 
by shallow lakes and swamps in proport ion to their effect on the total runoff. 

5. Vegetation. The influence of the cxIcut and nature of vegetation on 
the amount and distribution of runoff is felt principally through its effect on 
evaporation. It seems to have been proved conclusively that cultivation of 
pervious soils overlying dee]), impervious strata promotes uinlcrgiound storage 
and hence uniform flow’. Meyer says that, if the level of saturation is about 
20 ft bclow r the surface in clay subsoils and about JO ft in sandy subsoils, 
llic ground water i»* safe from all vegetation except matured forest cover. 

The relative effect of cultivation and of forests on low’-season runoff is 
much the same. Tillage* of the ground for cultivation opens and roughens 
the hard, smooth surface and promotes seepage. Roots of the forest trees 
o]M*n pathways for seepage, not only in the ground, but also in bedrock by 
getting into and opening Reams, and the humus cover of virgin forests holds 
back the flow and increases the opportunity for seepage. 

Transpiration is greater in cultivated than in forest areas during periods of 
high ground water, and less during other periods. This is because the 
transpiration demands are greater in cultivated areas for equal ground 
supply; but the roots of forest trees extend to a greater depth. 
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Deforestation of steep, rocky slopes has a great tendency to decrease low 
flows. Flat areas having thick, sandy soil arc probably benefited by de¬ 
forestation because of the removal of the transpiration demands of deep root 
systems, while, at the same time, assistance in holding liack flow to promote 
seepage into the soil is less needed. 

The demands of all forms of vegetation on ground water arc excessive 
during drought, anil, when an nnjiervious understratum holds the water 
table close to the surface, reduction of ground storage by transpiration is 
excessive, particularly for cultivated areas. On the other hand, cultivated 
areas with devp ground-water systems are good low-season flow producers, 
and cultivation of such areas is particularly beneficial if the sIojicr are steep. 

The effect of vegetation on low-water flow is relatively small in comparison 
with the influence of the geological and topographical characteristics of the 
watershed. 

6. Geographical Features. The dry-season runoff per square mile is 
considered to increase with the area of the watershed; that is, the natural 
regulation for large arcus is better than for small ones. Figure 3, plotted 



Fki. 3. Comparison of minimum flow with drainage area. North Atlantic Coast 

streams. 

from data contained in the Geological Survey of New Jersey, 1894, indicates 
this tendency; but the relation is not well established for the territory cov¬ 
ered by the data. For small, rocky watersheds and for small areas subject to 
dee]) seepage, the low-water flow may lie negligible; but, for the streams 
plotted in Fig. 3, the variation in low runoff per square mile is probably 
caused by greater frequency of rainfall in the larger areas. While minimum 
flows per square mile increase with the area, flood flows per square mile de¬ 
crease* as the area increases. It would, therefore, seem that the effort of the 
size of drainage are*i on ordinary flows and total runoff is less than for mini¬ 
mum and maximum discharges. 
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Other things l>eing equal, evaporation is less for higher elevations. More¬ 
over! under certain conditions explained in Section 1, Chapter 1, rainfall in¬ 
creases with the elevation al>ove sea level. Therefore, total runoff per square 
mile of watershed may be expected to be greater for the higher elevations. 
Hazen [1] has found that a rough approximation for inches of runoff from land 
surfaces in Massachusetts may be expressed by the following equation: 

R = 19.4 + 0.00047? 

where E is the average elevation, in feet, of the watershed above sea level. 
From this equation it would seem that the total inches of runoff at an eleva¬ 
tion of 1000 ft above sea level would be 33% greater than at sea level. The 
relation applies to land areas only, and was deduced by correcting the ob¬ 
served total runoff on the assumption that 3 sq mi of water surface, on ac¬ 
count of greater evaporation, produce as much runoff as 1 sq nil of land area. 

Higher watersheds are usually stee]ier and Ipsh pervious. Consequently, 
though greater total runoff may usually be expected, dry-season runoff 
likely to be much lower because there is less opportunity Tor ground storage. 

7. Temperature. The effect of temperature on the amount anil distri¬ 
bution of runoff is fell principally through its influence on evaporation, as 
previously explained. There are, however, several ways in which freezing 
temperatures can have an important bearing on the runoff. 

In northern climates, the absence of the usual fall snows will allow the 
ground to liecoiue deeply frozen, and ground W'ater, if clo*e to ihe surface, 
may heroine solidified and unavailable for winter runoff. If the ground 
freezes lielow the plane of saturation, very little winter precipitation can be 
absorbed by the soil, the precipitation remaining oil the surface in the form 
of ice and snow or passing off as surface flow. Rctween periods of rainfall, m 
such cases, the flow of streams is produced entirely from ground water which 
decreases in rate of flow’ until the spring thaw open* the surface to seepage 
fluw\ Frozen ground is not usually impervious, unless covered with ice or 
unless freezing has reached ground water. A heavy coating of eailv snow will 
protect the ground from deep freezing and, if Ihe depth of freezing has not 
reached ground water, wilder thaw’s will be absorbed by the soil. 

When ice first forms on the surface of streams, it suddenly increase* fric¬ 
tion, and sonic of the flowing water is used to build up slope and area of water¬ 
way to maintain the required discharge capacity. The result is a bliarp 
drop in discharge which continues until the winter regimen of the stream is 
established. 

In extreme northern climates, lakes and streams ot little slope freeze to a 
considerable thickness, and the amount of waiter thus held in storage by 
streams and shallow lakes forms a largo part of the winter flow. W. Cl. 
Hoyt [21 rites an example showing the possibility of thus holding back the 
equivalent of more than 20% of the winter flow 7 over a two-months’ period 
following the freeze-up. Ice forming on deep lakes has no material effect 
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on at mam flow if the capacity of Ibe outlet is not thereby reduced. The 
freezing of very shallow streams in wide valleys may extend below the bed of 
the stream, in which event the ground flow is effectually cut off and the dis¬ 
charge reduced to surface runoff. 

8. Seepage and Other Losses. Serious loss of water occurs frequently 
from dams on porous foundations, particularly in the and regions, and from 
veiy long, unlincd rands. 

In the absence ol rock formations, seepage from reservoirs depends upon 
the elevation of the water tal 1c and the nature of the underlying geological 
tomul ion. The water table in the arid regions is at considerable depth, and 
as much as 30* J of Ihc flow has lieen lost where a dun lias been constructed 
on particularly pervious foundations Excessive seepage* has sometimes re¬ 
quired the lining of the bottoms of Hindi reservoirs. 

A 1\ Davis |3| give** Table 2, showing seepage Itwp* from the Deer Flat 
Kesri voir Ft will be noted that the seepage steadily decreased with the 



length of service. The improvement is attributed to the filling of the subsoil 
with water, resulting m a nse of the waiter table, and not to any actual tight¬ 
ening of the soil. 
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Certain rock forma turns make poor foundations for high damn. Davis 
states that gypsum deiMisits and limestone deposits showing evidences of 
caves are productive of excessive leakage, and that volcanic rock and coarse¬ 
grained sandstone should be regnrdod with suspicion. 

In arid regions the losses from unlined canals and reservoirs may be exces¬ 
sive when the underlying materials arc pervious. From a study of experi¬ 
ments by E. A. Montz [4| anil other**, Etcheverry, in Table 3 [5J, gives the 

TABLE 3 

Conveyance Losses in Conic Feet per Square Foot of Wetted Perimeter for 
Canals not Affected hy tiik Risk of Ground Water 



Cubic Feel 


JMT 


Square Foot 

Character of Material 

in 24 Hours 

Impervious day loam 

Medium day loam underlaid with hard pan at 

0.25 to 0.35 

depth of not over 2 to 3 ft l>elnw lied 

0.35 to 0.50 

Ordinary day loam, silt soil, or Ihvh ash loam 
Gravelly day loam or sandy clay loam, cemented 

0.50 to 0.75 

gravel, sand, anil day 

0.75 to 1.00 

Sandy loam 

1.00 to 1.50 

Loose sandy soils 

1.50 to 1.75 

Gravelly sandy soils 

2.00 to 2.50 

Porous gravelly soils 

2.50 to 3 00 

Very gravelly soils 

3.00 1o 0.00 


average conveyance losses * in unlined canals of ordinary ratios of width to 
depth, the larger values being for ean.ils less than live \e:irs old. 

Most of the e\|H’iimenls upon which Table 3 N based were made in canal* 
in the arid regions, where the ground water is very low and is present during 
the irrigation season only. Canals for water power operate continuously, 
and the wet-season seepage losses would ordinarily be considerably less, owing 
to high ground water. 

The foregoing applies only to condition 1 * existing in the arid regions of the 
western United States when 4 the ground-water level is frequently at a very 
great depth below ground surface. Even there, any particular case may 
depart widely fioin the figures given in Table 3. If the position of ground 
waiter, the topography of the surface, and the effective size ami porosity c.f 
the material are determined, it is entirely possible to compute, for any par¬ 
ticular case, w T ith a tair degree of accuracy, the amount of seepage which may 
be experfed. The methods to be used for such determinations of seepage 
are described in detail m “The Design of Earth Dams/’ by Joel I). Justin, 
Tram. A.S.C.E ., Vol. 87 (10124). 

* Including about 5 to 10% of evaporation losses. 
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CHAPTER 4 


RIVER GAGING 

By A\ (\ Grover* and the late John (\ Hoyt + 

1. Introduction. The following statement, covering tlio essential prin¬ 
ciples involved in systematically measuring anil recording llie flow of water 
in surface streams, will serve the needs of the engineer who uses records of 
stream flow in designing anil ojierating hydraulic power plains. Not onh the 
measuring of discharge and the recording of stage are involved hut also the 
establishing, maintaining, and operating of the stations where the records 
are collected and the convening of the field observation data into systematic 
records. For more complete details of many phases of the collection of sys¬ 
tematic records of river discharge, reference may be made to River Din- 
charge PI, by Hoyt and Grover; Stream Flow [■ * 1, by Grover and Harring¬ 
ton; and "Stream-gaging Procedure” [7J, by Gorliott. 

The hasic field dal a required for the computation of daily flow of a stream 
are daily records of stage and measurements of di-charge covering the range 
of stage, from which a rating (stage-discharge) curve may developed to 
show the discharge corresponding to any stage. 

Computation of daily discharge of a surfaee stream is based on iho axiom 
that the discharge at any given stage will be unehanged as long as the flow is 
steady and the bed and banks* of the stretch of river rout rolling the stage- 
discharge relation at the gage remain unchanged, and that the discharge will 
vary with the stage according to some natural but fixed law. This stable 
relation between stage and discharge makes practicable the construction nf a 
rating (stage-discharge) curve (Fig. 10) from a few measurements nf dis¬ 
charge that are well distributed over the range of stage. This rating nirve is 
the graphic representation nf the formula for computing the discharge pn-4 the 
gage. Any change in the rnnditions a fleeting the stage-discharge relation at 
the gage will make it necessary to construe! a new rating curve. If there U no 
change in the-*e conditions, measurements made in different years will plot on 
the same curve, which may be applied to a record of stage extending over the 
whole period to obtain estimates of daily discharge. 

The stage-discharge relation will l>o stable when there exists Iwlow the 
gage an effective “control” section in which the bed and banks are perma- 

* Formerly Chief Hydraulic Engineer, V. S. GeoUigic.il Hurvev, Washington, 
D. C. 

tFormerly Hydraulic Engineer, T\ K. Geological Survey, Washington, I). (\ 
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nent. The control may be found: (l) at the head of rapids where the fall is 
large; (2) at a succession of two or more riffles at each of which there is a 
moderate fall; (3) in a long stretch of the channel of a stream having a low 
gradient; or (4) at an artificial structure in the channel. Natural stability 
of the stage-discharge relation can be obtained only by careful selection of a 
site where the lied and banks of the river channel below the gage are so stable 
that the stage-discharge relation dot's not change because of erosion or depo¬ 
sition of hilt or drift. Obviously, a site should not be selected above a dam or 
other structure containing openings through which the flow is controlled by 
gates that may be open or dosed, so that the stage is not a true index of dis¬ 
charge. 

The sensitiveness of the stage-discharge relation is important. A station 
should be selected so as to give as large a change in stage as is possible for a 
given change' in discharge. Estimates of flow at stations that have relatively 
small fluctuations in stage are liable' to large errors on account of loek of 
refinement m the determination of mean daily >tage The rate of fluctuation 
of stage at the gage should be such that Ihe least change in discharge to be 
recorded, snv l r r of the total flow, should cause a readable change of stage. 
The sensitiveness will be determined by the shape of the control. A broad, 
flat control will cause a small fluctuation in stage fox a large change in dis¬ 
charge, anil a nu1ch-shni>ed control will cause a large fluctuation in stage ior 
a relatively small change in discharge. 

Hie stage-discharge curve for an ordinary gaging station does not differ 
greatly in appearance from the discharge eurve for a weir. Although par¬ 
abolic in form, it may not be a simple parabola like that for a weir, as the 
section or sections that determine the relation of stage to discharge are irregu¬ 
lar in shaiie. \s indicated above, however, the stage-discharge relation for 
any river channel with permanent coni rol section will Ik* as fixed as that for 
the flow over a weir. The curve may be accurately defined by a few current- 
meter measurements of discharge, and, when it is so defined, records of stage 
may 1 m* converted into records of discharge without appreciable error. 

2. Establishment of Gaging Stations. The selectum of a satisfactory 
site fur a gaging station involves finding (1) a -*ite for the gage where the 
stage-discharge relation will be slable and (2) a section or sectinus for making 
the discharge measurement-* in which the currem is 'inootli and the velocity 
is moasurcidile—that is, lielwccn 0.5 and 15 ft per second—at all stage's of the 
river. If time permits, all possible sites for the gage should lx* insj>ected at 
high as well as at low stages and in both winter and summer, before final 
choice is made anil the gage installed. 

The selection of a site when' a bridge is available for supporting the engi¬ 
neer while he is making observations of depth and \clocity may be desirable 
nH a matter of economy in equipping the station, but few bridges occupy the 
best sites for making measurements of discharge. Moreover, bridge piers 
disturb the smoothness of the current and therefore decrease the accuracy of 
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the determinations of velocity, lienee Home degree of accuracy ig generally 
sacrificed when a bridge w chosen an a site for making gugingu. The erection 
of a cable and car outfit for uhc of the engineer in measuring discharge in¬ 
volves considerable expense, but it may be more than justified because it 
yields more accurate records. 

The site for the gage itself is most important. Whether it is of the record¬ 
ing or nonreeording type, the gage must be accessible at all stages a ad must 
lie so Ritualed that it will not lie unduly exposed to danger of ilainnge from 
dnft. If possible the gage should Ik* so placed with respuct to normal currents 
that drift or silt will not l>c deposited in sueli a manner as to cut off its open 
conned ion with the free surface of the flowing water. The most critical sec¬ 
tion of a river related to a gaging stalioais therefore that section for which 
the stage-discharge relation is to lie determined or the section in which the 
gage is placed, and not necessarily that m which measurements of discharge 
arc made. Such measurements are frequently made in some sertion other 
than that of the gage, and not uncommonly different sect ions are used for 
measuring the flow at difTcrcnl stages of thr river, iu order to obtain the 
highest degree of accuracy. Where the flow is steady—that i«, neither riHing 
nor falling—the same quantity of water is passing each section of the river, 
and measurements of discharge made in other sections npph cqiullj’ well to 
the section of the gage. The essential requirement is stability of the section 
or sections controlling the slage-diftcliargc relation at the gage. 

Shifts in bed and banks, either in the section of the meter measurements 
or in the gage section, will not affect accuracy of records, provided that such 
shifts do not extend to the control section, causing changes in the stage-dis¬ 
charge relation al the gage. This statement mav be illustrated h\ com par Noil 
with a weir. The relation of head on the weir to the quantity of flow over the 
w T cir is controlled by the shape and height of the crest and is not affected by 
change's in the bed or banks of the pool above the weir if those changes are nol 
sufficiently great to affect materially the magnitude or distribution of the 
velocities of the approaching water. Accurate current-motor measurements 
of discharge made within the pool would plot on the discharge curve of the 
weir even if considerable changes in the bed or banks or both occurred l>e- 
tween successive discharge' measurementThe pool above a dam or weir is 
not, however, a good site for a gage, oven if thr 1 dam and its foundations are 
tight and no water is discharged through or around the dam, because at such 
a site the relation of stage to discharge will not be sensitive at low stages. 

In order that any method involving the conversion of observations of it age 
into rcconls of discharge may lie satisfactorily applied, the percentage of flow* 
that rausos a readable increment or decrement of stage must not exceed the 
lierceutage error allowable. For example, if a record is desired that is accu¬ 
rate within 1%, a single second-foot of water must make a readable difference 
in stage when the flow is 100 scc-ft. This degree of sensitiveness cannot ordi¬ 
narily be obtained in a pool above a dam with a level crest. 
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8» Equipment of Station.* The site having been ielected, the eStafoBah- 
mentof the gaging station consists of the instaHMion of a gage lor observing 
or recording stage and a cable or other structure fronx which toeasureneteiits 
of discharge may be made; the placing of bench marks for referencing the 
gage, datum; and, at many sites, the erection of an artificial control for:main¬ 
taining the stage-discharge relation (Fig. 1). 

The gage must be so placed that it may be read eaaly and accurately at 
all stages of the river and that its datum will remain constant. It miistbe 



Fio. 1. Typical cable gaging station and caging house with automatic register. 


referred to bench marks entirely removed from the gage or the structure on 
which it is placed, in order that the gage, if disturbed, may be replaced td the 
same datum. The gage should be graduated and should generally be read 
to hundredths of a foot at low stages of the river and to tenths or half-tenths 
of a foot at high stages. 

The type of gage used will depend on many factors. A staff gage, either 
vertical or inclined, is perhaps the most common. Such a gage may be 
painted directly on wood, or preferably, if vertical, it may be stenciled and 
enameled on sheet metal which should be attached to a plank or timber. + 
It must, be rigidly attached to solid rock, a masonry bridge pier or abutment, 
or the foundation wall of a building at the water’s edge. It should not-he 
attached to a tree at the water’s edge because of danger that the datum of 
the gage may be changed if the roots of the tree are undermined or th&t the 

♦Plans and specifications for equipment for gaging stations are available>t the 
U. S. Geological Survey, 

t Enameled gages may be obtained frdm the Baltimore Enamel (V Balti¬ 
more, Md. 
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gage may be lout if the tree is carried away at high water. If attached to 
wooden piling the dutuni must be carefully watched, especially if the river 
has a heavy ice cover in winter. If no suitable rock or structure is available, 
the gage may be attached to masonry pierh built for the purpose. Such piers 
should have their foundations below the frost line and be otherwise so con¬ 
structed os to be in minimum danger of heaving. An inclined staff gage must 
be graduated by use of a Y level after it is placed in final position, and, as no 

two inclined gages will have exactly 
the sarnie slope and therefore the same 
length of graduation, the use of ciium- 
eled-melal facing for such a gage is not 
practicable. An inclined gage may lie 
made up of two or more sections of 
different slope. 

Staff gages are difficult to maintain 
in rivers subject to heavy ice cover, to 
large quantities of drift, or to log driv¬ 
ing. In such rivers wire-weight gages 
are frequently used because they are 
entirely removed from danger of dam¬ 
age by ice, Jogs, or other drift. 

The wire-weight gage (Fig. 2) con¬ 
sists of a wire with weight attached, 
which is lowered from a fixed position 
into contact with Iho water surface. 
The distance from the fixed position to 
the water surface is measured by the 
amount of wire let out, as indicated either by a counter on a drum or by a 
graduated horizontal stuff. 

The installation of a water-stage recorder of the float type (Fig. 7) re¬ 
quires a table tliut is rigidly sot for supporting the register, that will not shift 
in elevation, and that is above the highest stage of the river; a float well so 
connected with the flowing water of the river that the stage of water in the 
w r ell, which i-, of course, the stage* recorded, will at nil times lie the same as 
the stage of water in the river; a shelter to protect the gage from rain, dust, 
and inquisitive or malicious molestation; and, in regions of frost, such pro¬ 
tection for the well, or in .-nine localities such provision for heating the well, 
ns to remove the danger of formation of ire around the float. The gage shelter 
and well must be so situated us to be free, if possible, from danger of destruc¬ 
tion by ice, logs, or other drift; and so constructed os to withstand the strains 
of such pressure and knocks as cannot be avoided. 

If these fundamental requirements are followed, many entirely satisfactory 
styles of wells and shelters may be built, plans for which may be obtained 
on application to the U. S. Geological Survey, Washington, D. C. A durable 
type is the concrete well and shelter (Fig. 1), which is in many respects most. 



Wire-weight gage. 
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batufnrtory, having outside dunenwons of 6 ft by 6 ft and affording ample 
apace lor operating the recording gage and entering the well. It should be 
equipped with a ladder leading from the trap-door to the bottom and solidly 
attached to one wall or built as an integral part of it. Both corrugated or 



* 

* 




Fig. 3. Measurement by wading. 

other iron pipe and cement pii>c have been satisfactorily used for a well, 
especially in regions of no frost Such pipe well® should to large enough to 
permit a man to enlei from the top if tide entrances cannot to urranged. 

Tile intake pipe should to .3 to 5 in in diameter, set normal to the current 
and uhwijb full} open for the passage of water, either mward with a rising 
bfage or outward with a falling stage In clear-water streams there is no 
difficulty in keeping an intake pipe oj>en In ^lt-laden streams special pre¬ 
cautions may to nci ebsary If the holography permits, the intake pipe may 
be omitted and a direct connection made between the well and the river. 
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In ardor to keep the intake pipe ojion a flushing device is used consisting of 
a riser pi]>e and valves so arranged that it nan lie filled with water by either a 
pump or bucket and ihcn released to clear the intake pipe. 

Generally, float wells on hilt-laden streams become filled more or less 
rapidly with a deport of silt, which must lie removed either through the trap¬ 
door in the well-house floor or through a door or doors in the side wall of the 
well. The silt must bo removed so promptly and effectively that the graph 
rcrord of stage made by the recorder will l>e accurate and complete. 



Fio. 4. Measurement from blidge. 


The eost of installing a recorder will vary widely according to the range 
of stage of river to be provided for, the topography of the bank in which the 
well is to Ik* constructed, the nature of the material to Ik* excavated, the re- 
motene^ from Mnirei*. of supply of material** and labor, and the protection 
that must be provided again-i the formation of ice in the well and damage 
to the well and shelter In ice or other drift, \ .shallow well, for a range of 
stage of a few feet, and a Miiall wooden shelter may bo built for !$:200 or even 
less undci favorable conditions. In remote localities installations built of con¬ 
crete, with well*, excavated largely in rock and providing for a 50-fl range in 
stage, have cost as much as &20,000 each. The cost of ordinary installations, 
however, ranges In-tween $HU0 anil $1500 in addition to the cost of the water 
stage recorder. 

In northern latitudes the well must Ik 1 set some distance into the bank, 
and the exposed part, if built of hoards, must be carefully battened 1o pre¬ 
vent the formation of ice around the float. If electric current is available 
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the* installation in the 1 well and the operation in winter of a small electric 
heater, or even the constant burning during cold weather of one or two elec¬ 
tric lumps, will generally eliininale frost. If electric current is not available, 
a false floor in the well just Mow the froHt line will generally prevent freezing. 
Such a floor must lie provided with openings through which the float and 
weight cables can he passed, and must lie built so that it will float on the 
surface of the water if the stage rises above the supports. 

At each gaging station equipjied with a water-stage recorder there should 
also lie a nonrecording gage, generally a staff, either vertical or inclined, which 
should be read and recorded whenever the station is visited. Such a reading 
will disclose whether the stage of the water in the well is the same as the stage 
of the river. If it is not, the cause of the discrepancy, generally clogging of 
the intake pipe, should be removed, and a full mord made of exactly what 
lias been done and the effect produced on the record of stage, which is later to 
be converted into a record of discharge. 

The datum Jewels of all gages at a station should lie coinridcnt and should 
be referred to permanent lieneh marks so situated as to lie accessible at all 
stages of the river and convenient for use in checking the gages by means 
of a Y level. 

Measurements of discharge may be made from a bridge (Figs. 4 and 0), 
cable and car, boat, or by wading (Fig. ,'J). When available at suitable meas¬ 
uring sections, bridge's are most commonly used. Boats have no general u-c 
bee. iiim 1 of the expense and difficulty involved in handling them. If cable 
and car are list'd, measurements can usually be made more readily them from 
a bridge or a boat and it is possible to place the station at the bcsl measuring 
site. Cable installations of spans op to 2000 ft art 1 in common use. A-frames 
of wood or steel are iimm! to support the ends of the cables up to heights of 
40 ft. Above 40 ft, four-legged sup]x>rtmg towers are needed. Special de¬ 
signs should generally be made for the large installations. An (‘borages for 
holding the cable should be made of concrete, and all connections with them 
should be above ground so that they tan be easily inspected. Standard plans 
for cable installations and for other equipment needed at river measurement 
stations may be obtained from the l T . S Geological Survey, Washington, D. C. 

4. Measurements of Discharge. r 11ie methods ordinarily used for deter¬ 
mining the quantity uf water flowing in open channels are of two kinds—the 
velocity-area method and the weir method. In the former the quantity of 
discharge is? obtained as a summation of the products of partial areas of the 
cross-section of the flowing water by tile respective measured velocities in 
such areas; in the latter the discharge is computed by a formula (or obtained 
from tables computed by a formula) from the observed ‘‘head'' on the weir 
and the known dimensions of the weir. The velocity-area method is now 
almost universally used m river gaging because of its comparative cheapness 
and its essential reliability and applicability uuder a wide range of conditions, 
localise of the excessive cost uf constructing and rating weirs or dams solely 
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for river gaging, nml because of the innrcuracies* involved in using any except 
standard sharp-crested weirs with free overfall. 

5, Weir Method.* The weir method involves the use of a formula which 
contains three factors—area of cross-section, velocity, and a coefficient varying 
with tlie typo of weir. This method is therefore a velocity-area method, but 
it differs essentially from other velocity-area methods in that, the weir is gen¬ 
erally rated—that is, the relation lietwcen stage and discharge is established— 
by comparison with the lalioratory rating of a mode 1 !. Its accuracy depends 
primarily on the faithful reproduction in the field of the conditions that pre¬ 
vailed in the laboratory where the rating was made. A weir rated in place 
is seldom used for river gaging. 

The essential purpose served by a weir used m river gaging is to maintain 
a stable relation lietweon the discharge and the stage of water above the weir. 
This relation has been determined for standard Hhtirp-crested weirs, with and 
without end contractions, by menui* of many experiments. The Francis weir 
formula without end contractions, the most commonly used in this country, is 

Q = CBHX 


in which Q = the quantity of discharge in cubic feet per second; 

C = the coefficient equal to 3.33 for sharp-crusted weirs, but varying 
for crests of other shai>cs; 

B = the leugth in feet of the horizontal crest of the woir; 

11 = the depth in feet of water flowing over the weir |2J. 

For convenience in use, tables of discharge for sharp-creeled weirs of various 
lengths ha\e tiecn prepared and are available in many handbooks. Manv in¬ 
vestigations [3 anti 4] have lK*cn made to determine coefficients for u<e in 
the Francis formula for the discharge over dams having various shapes of 
crest. The results have shown a wide range in the vuluc of coefficients, even 
for dams having crests of similar shape. Estimates of flow at dam** are made 
even more inaccurate by leakage anti by errors in measuring or estimating the 
water diverted for use in power plants or through waste and flood gates, log 
sluices, and fi*h ladder^. The collection of accurate records of flow by the 
w r cir method is therefore limited io the use of sliarp-crcMed weirs, which nrp 
feasible to construct only where small qualities of water are to Ik* measured 
and enough of the head to operate the weir can be sacrificed. Such conditions 
are not commonly found at or near power plants but are characteristic of 
irrigation canals and distributaries. 

The weir method depends for accuracy on the const met ion of a weir with¬ 
out leakage, with a crcht of permanent shape and elevation, of sufficient length 
and with abutments of sufficient height to carry the largest quantities of water 
to be measured without exceeding the limit of depth of flow' u\er the crest for 
winch the weir cuethcicnt has been determined. The weir must bo short 
enough fur the smallest amount of water to Ik* measured, say 1 % of the flow, 


♦Sec also Sections 11 and 12, Chapter 8. 
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to cause a readable change in stage. Uncertainties are large in assuming co¬ 
efficients for use with the many forms of dams to lie found in rivers. Aside 
from all other sources of error, there is a possibility of on error of 10 to 20% 
in selecting the coefficient to be used, and the result is a corresponding per¬ 
centage error in the computed discharge. Rating curves for dams with crests 
that are long in relation to the quantity of water flowing over them will lack 
in sensitiveness and will yield inaccurate results nn that account. Moreover, 
the cost of computing records collected at power dams, complicated by par¬ 
tial discharges thiough wheels of different sizes and operated with valying 
gate openings and through waste, flood, and other gates, is frequently much 
greater than the cost of establishing and operating velocity-area stations rated 
by current meter. On account of these conditions the use of dams for river 
guging is not recommended. 

6. Velocity-area Method. The velocity-area method involves the meas¬ 
urement of cross-sectional areas and velocities of the flowing water. The 
cross-sectional urea of the stream is determined by measurements of width 
and of depth at points spared to show the shape of the bccl and the summa¬ 
tion of the partial areas computed from these measurements. Sufficient lead 
must l>c used to obtain correct soundings. Velocity may be measured by 
dojic, float, or current meter, each involving a fundamentally distinct process. 

7. Slope Measurements. The determination at velocity hv a measure¬ 
ment of slope has l>oen descril>cd in Section 10, Chapter 8. 

In measuring discharge bv the slope method it is necessary to determine 
the mean area of cioss-scction and the slope of the surface of the stream and 
to observe the roughness of the lied and bank*, which will determine the 
proper \ alno of the discharge coefficient. Tn making such a measurement a 
straight channel, 200 1o 1000 ft long, must lie selected and measured. In this 
stretch the slope and cross-section should bo reasonably uniform and the bed 
and banks should preferably be permanent. The slope must be sufficiently 
large to be measured without a large percentage of error. 

Errors in applying the slope method, which mav aggregate 25% or more, 
are of three classes: (o) errors in the value of sIojk 1 used in the formula, due 
either to incorrect observations of the fall in the water surface, which is 
generally so small that minor errors in leveling or in estimating the position of 
the water Hurfacc make largo percentage errors in the result, or to changes in 
slo]K' in the stretch of river used: (5) errors due to the selection of wrong 
values of the coefficient to be used in the slope formula: and (r) errors in the 
area of cross-section, which should Ik 1 the tme average of all cross-motions 
in the stretch. 

Slope measurements of velocity have two practical uses: (n) in estimating 
flood discharge, generally after the crest of (he flood lias passed and when 
the data available are the slope and urea of cross-section as determined from 
marks along the bunks and a knowledge of general conditions of channel and 
banks during the flood; and (6) in designing canals for which the slope must 
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be determined iu order thut the clianncl may carry a certain quantity of 
water at a Riven velocity. 

8. Float Measurements. The float method of measuring velocity of 
water flowing iu natural channels is direct, is more accurate than the slope 
method, and is less accurate than the current-meter method. It may bo used 
without special equipment and in rivers carrying so much drift that a current 
meter cannot be UHcd. Surface floats are generally used because some sub¬ 
stance that may serve as a float is almost always at hand, cither on the 
water itself during floods or on the banks at other times. Generally, where 
subsurface or tube floats can lie obtained, the current meter win also lie made 
available, and the increased accuracy to lie had by using other than surface 
floats can be attained better ami at less cost, by means of the more accurate 
current meter. Tube floats measure the mean velocity directly, with a co¬ 
efficient of nearly unity, and are used satisfactorily in nrtiiicial channels of 
uniform cross-section. They are not adapted to use in natural channels. 
Velocities obtained by using surface floats must be reduced to mean velocities 
by coefficients varying between 0.75 for low stages in shallow channels and 
0.95 for high stages in deep channels, and averaging about 0.90. 

Errors in applying the float method, which may aggregate 15% or more, 
may result from: (<i) failure to obtain a true average area of cross-sect ion 
of the stretch of river used; (b) failure to obtain properly distributed obser¬ 
vations of velocity; and (c ) choosing a wrong coefficient to reduce observed 
velocities to mean velocities. 

9. Current-meter Measurements. The current-meter method is very 
common for measuring the velocity of water flowing in an open channel, 
ft combines reasonable cost and practically universal applicability with rea¬ 
sonable accuracy, and it may be u.-ed on streams of all sizes and depths with 
velocities ranging from 0.5 to 15 ft per second. The measurements may be 
made from a boat, bridge, or cable, or, if the depth' and velocities are not 
too great, by wading. The velocity of the flowing water is measured at sev¬ 
eral points in a single cross-section. Each measured \elocilj T is multiplied 
l>3 r the appropriate partial area to nhlain a partial discharge. All partial dis¬ 
charges arc combined to give the total discharge. Errors may be involved 
in the rating of the current meter ami in the observations of its action, but 
as all the measurements are made in one cross-section this method avoids 
the error, common in slope and float measurements, resulting from the aver¬ 
aging of velocities over a stretch in which the area of cross-section is varying. 
As the current ineter under projjer conditions of use will measure velocity 
within a probable error of 2^, the measurements art' more accurate Ilian 
those generally obtained by other methods. 

For measurements with a current meter, a section of the river must be 
rhosrn in which the water flows smoothly and the velocity is reasonably uni¬ 
form throughout the cross-section. Measurements should not he attempted 
in turbulent water, as meters of all types are affected, either accelerated or 
retarded, by vertical motion of the water. The failure of a current meter to 
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operate accurately in such water is as well established as the failure of the 
Y level to operate accurately in unsteady air. A cross-section should be 
sought when 1 the current is reasonably regular over the whole width. Such a 
section can generally lie utilized by menus of a cable to support the engineer 
at medium and high stages and by wading at low stages. 

The principal sources of error in currcnt-mctcr measurements of discharge, 
which should never exceed 5% and in good work an* held lielow 2%, are in 
the rating of the meter, in observations of soundings, in placing the meter 
in position, in obseivations of revolutions of the meter, in observations of 
time, and in the ir*c of insufficient obseivations of velocity. 

Ability to place a meter accurately in position depends largely on the use 
of sufficient loud to reach the liottom without deflection and of the smallest 
possible cable, for supporting the meter, that is consistent with proper 
strength. 

Meter ralings do not change rapidly so long as the meter is not damaged 
by accident, and material errors in rating between velocities of 1 ft ami 15 ft 
per second are rare. In general, especially in measuring low velocities, error 
will be reduced to the minimum by ob*erving the time (not less than 45 sec¬ 
onds) of home iiiunlier of complete resolutions of the meter. A stop watch 
recording to fifth* of a second should lx* used for observing time. 

A current-meter measurement of discharge is an essential part of river 
gaging and is made 1o determine the position of one point on Ihc rating curve 
for flic g.igmg stalion. In order to serve this purpose, both the stage and the 
discharge must be measured accurately. The gage must therefore be accu¬ 
rately set with respect to its datum and accurately read, at least, at the begin¬ 
ning and end of the current-meter work and once each hour during the prog¬ 
ress ol the wmk. 

The distance from an initial point on one bank of the stream to the points 
at which depth i* measured to determine urea of cro^-section must be meas¬ 
ured and marked on the bridge or cable from which the measurement of dis¬ 
charge is made, in order that the portion of the meter wuth resect to the 
initial point may at all times Ik* definitely known and recorded and that the 
cross-section of the flowing water may lie accurately computed and the appro¬ 
priate velocity applied to each partial cross-section. If a w'ading or boat 
measurement is made, a measured and tagged line must generally lx* stretched 
across the stream to serve the same purpose. 

Sufficient observations of depth and velocity must be made to disclose 
true area of cross-section and true \ elocity of w'ater in each ]iartial area. In 
general, observations will lie made at points 1 or 3 ft apart in streams up to 
HO or 40 ft wide, 5 ft apart in streams lip lo 150 Ft wide, 10 ft apart in streams 
up to 400 ft wide, and 20 to 50 ft apart in wider rivers. 

There are several methods of making discharge measurements, varying 
with the number and position of the points at which velocity is olwcrved. In 
tlio vertical veluciiy-rurve method, obsorvalions of velocity are made at a 
«iiffirioni number of depths, not lew* than five, at each point, to define the 



44 


RIVER GAGING 


LChap. 4] 


curve of velocities (Fig. 5) at that point. Tbe mean velocity is obtained by 
averaging the velocities scaled from the curve or by dividing the area between 
the curve and its axis, as determined by plunimcter, by the depth. This 
method is used as a standard and may be made as accurate as desired by 
increasing the munljcr of points of measurement. It requires too much time, 
however, for ordinary use, especially on streams that are of considerable 

size or are likely to fluctuate in stage and dis¬ 
charge during the nicaMireinent. 

Vortical velocity curves show that the dis¬ 
tribution of velocities in the vertical vanes as 
the ordinates to a parabola, and that the ve¬ 
locity at l).(i depth and the average of the 
velocities at 0.2 depth and 0.8 depth are very 
nearly the average ot all velocities in the verti¬ 
cal. For this reason it is possible to measure 
approximately the average velocity in any ver¬ 
tical by one observation at 0.0 or, more accu¬ 
ral elv, by two observations at 0.2 depth and 
0.8 depth. 

After the measurement is completed, tbe 
pivot hearings of the meter should lie wiped 
dry and oiled In-Foro the meter is returned to 
it*, box. As the pivot* are made of hardened 
steel they will rust if not properly cared for, 
and thi‘ rating of the meter will be changed. 

If the stage of water is unusual or if the 

. . gaging station is not readilv and cheaply acccs- 

Fro. 5 Tvpinil vortical ve- , , . xi.ni 

localv ruive rtble, the meter measurement should lie com¬ 

puted before the station is loft. If Ihe plotting 
of the discharge indicates either change of rating of the station or error in 
the measurement, the current-meter work should be repeated with great care 
in order to establish beyond doubt a point on the rating curve. 

10. Current Meters and Accessory Equipment. Current meters for 
measuring the velocity of water m rivers are of two types, tile direct-action 
and the differential meter. Many meters of both kinds have lieen built, most 
of which have been designed for use under special conditions. The only ones 
that have had any great general use are the Ott * ami Haskell t direct-action 
motors, and the small Trice differential met or. t The small Price meter 
(Fig. 6) has lind the most general use and is regarded as the universal meter 
because it alone satisfies the requirements of general regional river gaging. 
When equipped with a pcnta-liead, which is a device for indicating every 
fifth revolution, the meter may Ik* used for measuring velocities ranging 

* Manufactured in Germany. 

t Manufactured iu Ttliaca, N Y 

t Manufactured by W. At L E Gurley, Troy, N. Y. 



Velocity in feet per second 
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from 0.5 to 15 ft or more per second It may be operated from a boat, 
bridge, or cable, or by wading, for measuring the discharge of nveis of depths 
ranging from 0 5 to 50 ft or more. It may l>e operated by one man, who 
also keeps the note*, and m«iy be earned with all accebsones by one person 
traveling on foot or horseback It is not easily damaged and with reasonable 



I*iu 6 Pri(o iuiicnt mtteiB 

c.irc does not change in rating. There may be otliei motets that are somewhat 
inoie accurate for lneisunng tuibulent w iter, but no other meter has yet 
been de\c'loiH*d foi uiuverb.il use Lflort i* constantly being nude to pro¬ 
duce a meter that will measure accuiatelv velocities los* than 0 5 ft per 
second and that may l>e used reliably in tuibulent watei Such a meter must 
1)0 adapted to the iequirement** of genci il use, ah inchoated alurvc, befoie it 
can supplant llic small Pi ice meter ioi this woik 
The current meter must be equipped with a dewier for indicating revolu¬ 
tion of the meter wheel A sounder ih picforied to a recordei, because it 
nukes .ui\ failure to act oi am iireguLml> in action of the meter linme- 
dwteh apjurent to the operator, who can then conect the difficulty and 
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thus avoid error in the measurement of discharge. A motor that is sufficiently 
sensitive for measuring low velocities satisfactorily must be designed to 
indicate only every fifth revolution, iu order that the revolution may he count* 
able when the meter is used in currents of high velocity. In general, an 
electric buzzer operated by a small drv-celJ battery is used. 

In order to promote accuracy of sounding and to aid in keeping the cur¬ 
rent meter in pro]>er position, socially designed torpedo-shaiied weights 
ranging from J5 to 300 pounds are used. Either liand-ojierated or power- 
operated reels and booms (Figs. S and W) are used with the larger weights. 

11. Rating of Current Meter. Current meters arc rated by drawing 
them through still water at known or oliservpcl velocities and counting the 
revolutions. Although meters of the same kind have essentially the same 
rating, individual meters vary from the average by small percentages. Each 
meter must llierelore be tested and its rating determined. This is done by 
the National Bureau of Htandaids, Washington, D. C M for a small charge, 
and manufacturers will deliver their meters through the Bureau of Standards 
in order that the purchaser ina\ obtain a true rating at minimum cost in 
time and money. 

12. Records of Stage. Records nt stage are collected by one of the vari¬ 
ous types of gages indicated in Section 3, Equipment of Station. The 



Fit. 7 A typical water-stage recorder. 

simplest form of gage is the graduated staff, from which direct readings of the 
height of water are oblaincd. In order to insure accurate records, water- 
stage recorders are essential, and they arc now used at most river-measure- 
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ment stations. Pressure gages, operated by transmission of pressure of the 
various depths of water through a diaphragm to an air chamber connected 
with the recording device by a flexible tube, have not given satisfactory 
service because of temperature and other disturbing changes. Water-stage 
recorders like the one shown in Fig. 7, commonly used iii gaging rivers, record 
the stage in the form of a graph, with time on one' rectangular akift^and 
stage on the other. Several good graph registers are on the market. Alt are 
of the float type. The graph with rectangular coordinates has an advantage 
over a polar graph in that the time .*fcale is not reduced at low stages, when 
records are generally most valuable. The principal recorder manufacturers 
are W. & L. E. Gurley, Troy, N. Y.; 

Julien P. Fries & Sons, Baltimore, 

Md.; and Leupold, Voelpel & Co., J 
Portland, Ore. 

13. Operation of Gaging Station. 

The operation of a river-measurement 
station consists of the collection of a 
record of stage and measurements of 
discharge, together with such activities 
as may be needed to insure the reli¬ 
ability of these two essential factors of 
the record. If a nonrecording gage is 
used, a reliable gage reader must be 
employed to read and record the stage 
once or twice daily. If a 7-day auto¬ 
matic recorder is used, someone must, 
be employed to wind the clock and 
change the record sheet periodically. If a weight-driven clock and a 60-day 
or continuous recorder are used, it may be cheapest and most satisfactory to 
have no one touch the instrument between visits of the engineer. Even under 
these conditions, however, a local man may well be employed to visit the 
station at stated intervals to see that the clock is running and to report on 
the conditions of ice or drift in the vicinity of the gage. 

Sufficient measurements of discharge must be made to define accurately 
the stage-discharge curve. For this purpose each measurement must be 
made as carefully and accurately as possible. Inaccurate measurements 
throw doubt on the exact position of the curve and serve no useful purpose. 
Measurements should, if possible, be made at a constant stage. If made at a 
changing stage the result will be a sum of partial discharges for the different 
stages that, have occurred during the measurement but will correspond to 
no single stage and may have little value in defining the true position of the 
stage-discharge curve. Measurements should be well distributed over the 
range of stage, with the greatest number in that portion of the curve where 
the curvature is changing most rapidly. The upper and lower ends of the 
station-rating curve are most likely to be poorly defined, on account of the 



Fig. 8. Movable crane for handling 
Price meter with heavy weight. 
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brevity of periods of extreme high and extreme low water, especially the 
former, and the difficulty m reaching the gaging station during such periods. 
The lowest point m the control Motion or, if that cannot be easily found, the 
lowest point m the eross-section at or near the gage will probably correspond 
approximately with the stage of no flow, that is, the stage at which the stage- 
discharge curve will intersect the gage-height axis. This point is extremely 
valuable in helping to define the position and shape of the lower part of the 
rating curve. 

The stage corresponding to each measurement of discharge should be 
obtained from the gage from which is made the record of stage that is to lie 

used in computing the record of dis¬ 
charge, us iiint gage must lie used in 
determining the stage-discharge curve 
for the station. 

The station having lieen well rated, 
occasional careful measurements of dis¬ 
charge are needed to insure the con¬ 
tinuous applicability of tlio rating 
Even the* mint carefully selected and 
accurately rated stations will some¬ 
times change sufficiently, perhaps tem¬ 
porarily, to disturb the stage-discharge 
relation Reside*- shifting IkmIs and 
banks, there are local and temporary 
obstructions, like the lodging of ice or 
other drift in shoal places or against a 
projecting rock, that may cut off part of the channel and so bring about a 
higher stage foi a given discharge. In some nvers, growing water plants guo 
much tumble. As the summer advances the plants become larger nnd cause 
progrcssi\olv greater obstuietion to the flow and progressively higher stages 
of nvei lor the same quantity of discharge. With the upproaeh of winter 
the \cge1ution disappear*, and the stage-discharge ielation becomes the 
same as in previous winters. Such temporary changes in rating will, if 
undiscovered, lead to errors ot considerable magnitude m the record ol 
discharge. 

The gage or gages must be maintained in position. The datum of carli 
gage must Ik* checked at least once a year by Y-Iovel comparison with a 
bench mark near by. If the gage is inclined, several points on it must lie 
compared with the datum, because* of the danger of changes in inclination 
caused by heaving or settlement of one or more of the supporting posts or 
piers. If a chain gage is used, the length of the chain must be checked aud 
corrected at least once a year as an essential part of the maintenance of it* 
datum. The graduations of the gage must Ik* kept clearly legible by washing 
the face of the gage if it liecomc* dirty, or by repainting or replacing the face 
of the gage if the markings liecome defaced or so faint that they are not 
easily seen. 



Fig. 9 Light hand-operated crone 
for handling Pi ire meter. 
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14. Winter Records. During pen ode of putial or complete ice cover, 
the regular stage-disclurge relation is disturbed m varying amounts depending 
on the extent and thickness of the ice Such disturbance has Ihe nature ol 
back water and is alwavs ni untested bv an increase in stage foi a given dis¬ 
charge For those periods it is generally better to correct the records of stage 
by subtracting the amount oi the back-vvatei effect rather than to attempt 
to pre]mre n new rating cuive tor culi change in conditions affecting the stage- 
dischaige relation The ninount ol the correction for liaek water must be 
obtained bv occasional current-meter measurements of discharge and b> 
study of tin piogiessnc incicases in stage with the increases in extent and 
thickness oi the ice, including comparison of changes in stage at gaging sta¬ 
tions affected by ice with changes at stations m the same region that are not 
so affected 

Current-meter me isurenients of discharge under ice should lie made either 
bv the vertical velocity-rune method or by measurements at 0 2 and 0 8 
depth The veiticil vilocitv cuive undci ice will have a form somewhat 
different from that ol the open chiiiuel but will still be pnnihohc, and there¬ 
fore the avei ige vclocifv will be conccth measured by averaging the veloci¬ 
ties found at 0 2 md OS of the depth fioni Ihe bottom of the ice to the lied 
oi the stream 

16. Computation of Daily Discharge. The conversion of the measure¬ 
ments of disrhiige and the record of singe, which together constitute the 


Discharge m second feet 



Fin 10 Discluiac mean vcloutv, and area nines Potomac River at Poinl 

of Rocks Md 


essential field dita, into a record of discharge involves the construction of a 
M it urn -1 nling curve (Fig 10) showing the stage-discharge relation applicable 
to the gage used in old lining the record of stage, the conversion of this curve 
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info a rating table for convenient and accurate use, the application of tho 
record of stage to the rating table to obtain a record of daily discharge, and the 
computation, preferably by ordinary computing machines or C relic ’h Tables, 
of records of monthly and annual runoff. Most of these steps involve only 
eare in computation. In the construction of the si age-discharge curve, how¬ 
ever, lioth judgment and rare are necessary in adjusting the curve among 
the plotted discharge measurements, which may be more or less discordant. 
Judgment must also lie exercised in choosing the methods of determining the 
mean daily stage to Ik* used in computing the mean daily discharge or, if the 
fluctuations are too great and rapid for using an average stage for the day, 
in deciding on the interval of time, hourly or longer, that may bo used without 
undue sacrifice of accuracy in the computed results. 

An instrument has licen devised for the mechanical conversion of a water- 
Htage-recorder graph into a record of discharge. The instrument, with the 
rating curve of the station set accurately into it, is o]>erated like a planimelor. 
The pointer is made to follow the gage-height graph, and the discharge* an 1 
road from the plaiiimeter wheels. 
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ESTIMATING STREAM FLOW 

1. General. All estimates of slicvim How jin* based upon Hi roam-paging 
records, obtained al the site, near the wlc, nr on neighboring streams. It is 
no! possible to estimate stream flow Milch upon rainfall reeonl« with a degree 
of neenraev sufficient for practical purposes. 

The* main pm poses for which estimates of ntream flow an* made nuiv 
be stated as follows: 

L. To estiniutc llu* uvciagc animal cneigy ourpuL of the development. 

2. To eMinulc Hie additional eiuigy and the mciensf' in him capacity piuwded 
hv a hoi ape ipseiioir. 

3 To (Miniate the minimum minimi euergv outpiil and fum capacity 

1 To ilitoumiie Hie (upucily of a Moiagc loseivuii lor ecpuli/ang the flow to 
.i gi\ i n inmimuni 

3. To estiniiit tlm minimum d.uh output witlmul Mot age. 

6 To c lini.ile the nmssaiv eapanU of u flood eoutiol roservuii fm limiting 
ilwh.uge to a pieditumimd ina\inuuu under all conditions rxeept extreme 
floods. 

7 To estimate the neei*»sai\ spillw.iv rapacity. 

In Table J, Chapter 1, it given the probable deviation oi short-term pre¬ 
cipitation reeuids iiom the true mean Then* is reason to believe lluil 
Mreani-ilow rccoids aie subject to no greater emus. This applies to the 
probable emus that are ltnohcd when runoft records aie used to determine 
uvciagc annual energy output and the average annual eneigy provided by 
storage reservoirs, items 1 and 2, alum*. 

In the ease ol estimates of How governing minimum anniuil oulput and 
minimum dmh output, and estimates intended to determine the capacity of 
reset von s to equalize the flow to a given minimum, the problem is one of 
probabilities, the genet ll solution of which is given in Section 4, Chapter 6. 
The minimum v early and daily output ran lie defined only in temiR of 
probabilities, Ihe occurrence of which may be expected not oftenor than once 
in a given period of year**. The determined size of the reservoir, to equalize 
the flow to u given imnumim, is that size which will tie deficient not nftener 
than once m a given period of years. 

The method* of computing the amount and distribution of stream flow 
which may lie list'd to develop power vary with the extent and nature of 
available dal a. Such data may be grouped as follows: 
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1. Long-form stream gngings at the site. 

2. Short-term stream gaging* a I thn site. 

3. No stream gaging* at the site. 

All stream-flow records should be corrected for possible diversion from the 
watershed for irrigation, water supply, and other purposes, and for increased 
evaporation losses if large storage reservoirs are to be used. 

2. Stream Gagings at the Site.* Although stream-gaging stations have 
lieen established at thousands of places in the United States, records of stream 
flow at single stations covering a long term of years are comparatively 
scarce. 

The most important «la1n on stream flow are published in the Water Supply 
Papers of the U. S. Geological Survey, Washington, D. C. The Corps of 
Engineers, U. 8. Army, and many of the states aNo publish yearly tabulations 
of stream gagings and general studies of various streams. A few reliable 
records may also be obtained from water-power and water-supply companies 
and city water-supply commissions and engineers. 

The IT. R. Weather Bureau publishes daily river stages oi many streams, 
without data as to discharge. Studies of a monitor of large streams may be 
found in Ihe Tenth Census of the United Slates, Vols. Ifi and 17. 

The results of stream-flow measurements are given in the IJ. S. Gro/tHjiraf 
Survey Water Supply Papers, which arc published annually in 14 parts, each 
part covering an area whose* boundaries coincide with natural drainage fea¬ 
tures as indicated below: 

PART 

1. Noitli Atlantic slope husin*. 

2. South Atlantic slope und eastern Gulf of Mexico busius. 

3. Ohio Rner basin. 

4. St. Lawrence Rner basin. 

5. Upper Mississippi Ri\cr and Hudson Ray basins. 

6. Missouri Rner basin. 

7. Lower Mississippi Rner basin. 

8. Western Gulf of Mexico basins. 

0. Colorado llivcr basin. 

10. The Great li.isin. 

11. Pacific slui»e basins m California 

12. Pacific slo]jc basins in Washington and upper Columhiu River basin. 

13. Snake River basin. 

14. Pacific slope basins in Oicgon und lower Columbia River basin. 

Other Water Supply Papers , published periodically, contain data on water 
resources of special districts, including studies of hydrology, hydrography, 
flood flows, analyses of nver waters, water powers and water-power possi¬ 
bilities, underground flow, nver profiles, and other data of interest. A list 
of all Water Supply Papers may be obtained by writing to the Director, 
U. S. Geological Survey, Washington, I). C. A list of nvers that have been 

♦See Chapter 4 for description of stream-flow gagings. 
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gaftftl in each district, and of the years covered by the individual records, 
niay be found at the end of each of the later Watrr Supply Papers applicable 
to the district in question. 

The probable accumcy of stream gagings is usually stated in the reports. 
A factor of safety should always bo applied to results obtained from such 
records, to cover all possible inaccuracies of measurements and, as explained 
previously, to compensate for the possibility that the years of record do not 
correspond to average conditions or include years of reasonably low flows. 

3. Extensions of Stream Gagings 
at the Site. The ]>eriod of stream 3 
gagings may be extended to include - 
additional years, by establishing a rela- 
tion between the flow indicated b\ such £ 

gagings end the .smiulluncoils flow of £ 

a neighboring stream on which records # 3 

cover a longer period. In Fig. 1 i& - 

given a runoff-relation cur\c for the J 

Little Swatara ami Brandywine Creeks, J 2 

Pa., for three years of simultaneous jj 

records. Each dot indicates a concur- * 

rent average monthly discharge per ° i 

square mile of drainage area. After | 

the whole period of overlapping records “ 

ha-*, been plotted, an average curve is 
drawn through the points This curvr 
it used to alter the longer records of 
the neighlHiring stream to indicate the ^ *curve 1 runoff ‘ reIa ^° 11 

probable flows in the stream under con¬ 
sideration for vrais for which recordh are not available. The better low- 
season runoff of the Brandywine and the better wet-season runoff of the 
Little Swatara are cleiulv defined in Fig. 1. 

Suppose that on a stream, A t under consideration, there are 10 years of 
records and on u neighboring stream. B, there are 20 years of records, 4 years 
of which overlap those of ftrcatn A. If a runoff relation is established be¬ 
tween the two h+ienms ns previously descrilied, and this relation is used to 
extend the records of stream A , the total period of estimated stream flow for 
A would lie 10 -I- 20 — 4 26 years. 

The piobable error involved in the use of only the 10 years of record of 
stream A, if the estimate is iw«l for average output, is indicated by Table 1, 
Chapter 1, 5-stnte group, to be alioiit 5.6%. If n jierfect runoff relation were 
established between the tw*o stream-*, the resulting 26 years of record would 
have a probable error of only about 2.7%. 

The following equation gives the maximum permissible error in the esti¬ 
mated runoff relation between the two streams to result in a benefit, from the 
extension of the records of stream A. 



1 2 3 

Runoff of Brandywine Creek la 
Sac Ft par Sa Ml 
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lOOy* / 100 - X|\ 

T *~ Vi~ vA 100 - xj 


where jcz — the permissible error in the runoff-relation curve; 

ji — the probable |x?r cent error in the records of stream A if used alone; 
,r 2 = the protMible i>cr cent error in the extended records of stream A if a 
\Kjrfect runoff-relation curve were used; 
yi = the years of record of stream A ; 

1 ft «= the years of rcctord of stream B. 


Substituting in this equation, we have 


100 x 20/, ioo - rui\ 

r '--2H-10 = 


If it is thought that, in cdahlislnng the runoff relation, there may Ikj an 
accumulative error of ()"?» or greater, no benefit will l»e derived from the 

extension and the 10 years of stream A 
should be used alone. The probable 
error in the runoff-relation curve can 
be based only on the judgment of the 
engineer and is affected considerably 
by the length of simultaneous gagings 
and the relative runoff characteristics 
of the two stream?*. The smaller the 
average distance of the dots from the 
curve, the greater the degree of accu¬ 
racy. The curve of Fig. 1 is fairly well 
defined but a probable error of 10 or 
],V; would not seem unreasonable. 
The curve of Fie. 2 is poorly defined 
and might be in error a* much a* 20 
or 30 '!. 

If the runoff characteristics of the 
two streams are materially different, 
a more exact runoff-relation curve may 
be established by plotting a runoff- 
relation curve for each season or for each month. In such cases, weekly 
averages may be 1 used instead of monthly averages, in order to obtain a 
greater number of ]wants from which io estimate the curve, 

A nnn liter of methods have been proposed* for estimating the iunonnl and 
distribution of stream flow from an established relation Itetwecn rainfall ami 
runoff and applying this relation to long-term rainfall records. Such met hods 
cannot Ito of an} 7 value unless the relation between rainfall and runoff is based 
on at least several years of simultaneous runoff and rainfall records. Most 
of the methods are rational hut are not. intended to be exart. Hcrauso of the 



Sec Ft per Sq Ml 

Fin. 2. A poorly ddhicd ruuoff-i ela¬ 
tion curve. 


*Hcc Bibliography, Sod ion 0. 
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Humorous factors affecting the relation between rainfall and runoff, which 
have not yel lieen coordinated In an extent sufficient for exact analysis, it is 
probable that the errors involved in extending runoff <la1a by this means may 
Ikj very great, and the chief objection to the use of such methods is the diffi¬ 
culty in determining the probable degree of accuracy. Moreover, those 
methods that include a conMdcrution of all major agencies affecting runoff 
miolve an amount of labor and tune which ordinarily cannot be devoted to 
such problems. 

In Table 1 w given a relation lietweei. the rainfall and runoff of the Miami 
watershed alwive Dayton, Ohio* Rainfall and runoff years were used in 


TABLE 1 


An Nil 4i< Rainfall, 

Runoff, 4nj> 

Temperature, 

Miami River above Dayton, 

0) 

(2) 

Ohio 

(3) 

(4) 

(*> 

Year 

Ending 

Inches 

Degrees 

Fahrenheit 

Actual 

Inches 

Inches 

Runoff 

Computed 

from 

Equation of 

Kept. 30 

Rainfall 

Teiii|ioru( ure 

Runoff 

Section 4 

1 894 

30.7 

54.7 

4.9 

10 

1 895 

34.0 

53.0 

3.7 

12 

1 m\ 

40 2 

54.0 

8.1 

10 

1807 

33.3 

53.4 

12. S 

8 

iwm 

44 3 

55.0 

14.7 

15 

m\) 

34.2 

53.2 

9.7 

9 

1900 

35.1 

54.4 

0.6 

9 

1901 

30.1 

53.4 

5.0 

7 

1902 

31.0 

51.1 

5.8 

10 

1!K)3 

37.1 

53.0 

12.0 

11 

11X11 

39 1 

49.8 

13.1 

15 

11X15 

38.5 

51.5 

7.1 

13 

\\m 

33.2 

52.9 

9.2 

9 

1907 

43 1 

51 9 

17.2 

10 

1908 

37.7 

53.1 

17.7 

11 

11X19 

39.3 

53.2 

13.1 

12 

1910 

30.3 

52.3 

J5.1 

12 

1911 

39. S 

53.7 

13.9 

12 

1912 

43.8 

50.8 

23.1 

18 

1913 

42.9 

54.0 

24.4 

14 

1014 

32.3 

53.3 

8.3 

8 

1915 

41.8 

52.1 

12.1 

15 

1910 

39.9 

53.2 

19.2 

13 

1917 

35.7 

51.1 

11.4 

12 

1918 

30.8 

50.3 

9.4 

14 

Mean 

38.07 

52.70 

11.87 

12 


♦ See Ref. 21, Section 9, Chapter 3. 
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establishing the relation. Columns 2 and 4 are reproduced in Fig. 3 of this 
chapter. 

Figure 3 is typical and indicates thut the variation in the amount of annual 
runoff w affected more by the distribution of the rainfall during the year than 
by the amount of rainfall. The average annual temperature, indicated in 
Col. 3, was so nearly constant that it probably had little influence in the 
variation of runoff. It is evident that such a relation, if used for extending 
the period of nuiofT records, may lead to considerable error for individual 

years although the general average may 
approximate the truth. 

4. No Stream Gagings at the Site. 
If no stream gagings have been made 
at the site of the proposed development, 
it is necessary to base estimates of stream 
flow on other gagings in the vicinity. If 
gaging* have been made on the stream a 
short distance from the site, the problem 
present* no features of great difficulty. 
In such ca^os it is considered that, if the 
two drainage areas have no appreciable 
differences in rainfall and runoff character¬ 
istics, the runoff per square mile will be 
the same for each. 

The area of the watershed may be obtained from various sources. The 
topographical map* of the U. S. Geological Survey iiMiallv supply the best 
information obtainable A number of other maps have been puhli'dicd by the 
Survey. The IT. S. Po*t Route maps and various other state and countv 
maps are available for thin purponc. Survey* are sometimes necessary if ac¬ 
curate maps are not available. 

If the only gagings available are those made at a considerable distance from 
the site, and particularly if they are on another stream, estimates of stream 
flow at the site must Ik* based on such gaging*, modified to compensate for 
differences in the atea* ami the rainfall and runoff characteristics of the two 
watersheds. A practical solution of tin* problem calls for the best judgment 
of the most experienced engineer*, backed by a careful examination of the 
drainage area*, a study of all published data relating to their physical and 
climatological features, and an intimate knowledge of the effect of llio many 
controlling fad dip mentioned m the foregoing sections. 

The errors that may result from the u**mnp1ion of the same runoff per 
square mile from two drainage areas, without mollifications for differences in 
the characteristics of the two watersheds, are well indicated by the com¬ 
parison between the flow per square mile from the Big Bwatara Greek and 
Brandywine Creek watersheds, shown in Fig. 1. Errors as great as 100% 
may lie expected in some east's. Figure 1 clearly indicates the relative 



Inches of Rainfall 

Fin. 3. Relation between nnnuul 
rainfall anil runoff, Miami liner, 
above Dayton, Ohio. 
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imperviousness of Big Swatnra Crook, resulting in greater total runoff but 
lews opportunity for ground storage, and hence small low-season flows. 

If gagings have been made on the stream both above and below the she of 
the proposed development, estimates of stream flow at the bite can often be 
made with considerable accuracy by interpolation. 

Short-term gagings on the stream 
relatively near the bite should always 
be ithod in preference to longer-term 
gagings on a different stream, because, 
for the former, parts of the watersheds 
are identical. The shoTt-term gagings 
on the same stream may lie extended, 
however, by means of a runoff-relation 
curve as explained in Section 3. 

Jf there are no gagings at the site 
or in the vicinity, reliable estimates of 
stream flow cannot lie made. Though 
admitting the inissiliilitv of extending 
mil off records with home degree of 
accuracy bv the establishment of n 
relation between rainfall and runoff 
bv methods referred to in Section 3, 
engineers generally agree that it is 
impossible to establish such a relation 
without the aid of at lea^t several 
years of runoff records, particularly for cases where it is necessary to know 
the distribution of runoff. 

Vermeule's equation * for annual runoff is 

8 - R - fll + 0.29/?)Af 

where 8 = total annual runoff in inches; 

R — total annual rainfall in inches; 

M = a factor which depends upon the mean annual teuqierature. 

Vcnneiilos recommended value of M ha 1 * lioen used in plotting Fig. 4. 
This equation is the rmilt of studies to determine the effect of forestR on 
evaporation, and, though extreme accuracy is not claimed for it, the equation 
has received vide publicity. 

Figure 5, showing a comparison lietwcen observed and estimaied values 
of mean annual evaporation (R-S), computed from Venneule's equation, 
has been plot toil from his tabulations of rivers in this country and abroad. 
An error of 50 c, £ ordinarily would l>e possible in the application of the 
equation to determine the average annual runoff for a considerable period of 
yearn. In tne arid region, greater errors might be made. 

* See Ref. 9, Section 9, Chapter 3. 
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Fin 4. Vrrmculp'H approximate rela¬ 
tion tielwecn .mnutil rainfall, temjier- 
atiue, and runoff. 
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The runoff of the Miami River nl>ove Dayton, Ohio, computed by Ver- 
lnculc’s relation, is given in Col. 5 of Table 1. The olwerved and computed 
runoff, frhown by Cola. 4 and 5, have been compared in Fig. i\. It is st^en 
that Vermeule’H equation may be several hundred per rent in error if used 
for single years, although a Hose agreement may exist between the observed 
and romputed mean for the i>onod. 

In 1014 Justin [3] developed an annual runoff formula which takes acemuit 
of average slope, mean annual rainfall, and temperature Fahrenheit. The 
formula has also Irccn used to obtain monthly runoff by building up a syn- 



Fm. 5. Comparison of obsemsl o\ap- Fi«. G. Relation between obwm d run- 
nnilinn and evaporation computed by off of tin* Miami River abo\ e Dmtnn 
VcrmruIr'H equation. Ohio, and ninoff computed from Ver¬ 

meil IcV equation. 


thetic mass curve. A group of watersheds having long-term, aeeurate records 
of rainfall, runoff, and temperature, scat I cm I over a large area, mn seleeled 
to supply the basic data upon which the formula is developed. The formula 
is applicable to the eastern I'niled States and, in general, should give results 
within 10 f ,? of the true runofl. In more remote locations, with widely varying 
conditions, the formula would require revision to adapt it to lire several 
variables. When applied with proper care and judgment to -1 reams within 
the recommended area, this formula has closely agn*ed with recorded runofl 
on watersheds entirely outside the list used in the build-up of the formula. 
The formula is simple to apply and is arranged as follows: 


K- 

C = 0.!)34N° 1M 

where C = tlie annual runoff in inches; 

S = the average slope of watershed; 

R = the mean annual ruinfall in inches; 

T = the mean annual temperature Fahrenheit. 
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5. Storage and Pondage. The demands for ]>owcr ordinarily correspond 
in no degree to the varying natural flow of the stream. Therefore, unless a 
large part of the natural flow is to be wasted, storage and pondage must be 
provided to regulate the flow so that it may be made available at times 
when the generation of power is required. 

Storage consists in the impounding of a considerable amount of the excess 
runoff during seasons of surplus flow for use during dry seasons. Ordinarily, 
the contents of storage reservoirs are fed out in such a manner that, when 
they are added to the natural runoff fYom the intermediate area between the 
reservoir and the site of the development, the resulting flow at the devel¬ 
opment will correspond as closely as possible to the flow demanded for power. 

When the reservoir is some distance from the development, it is impossible 
to regulate the outflow with sufficient accuracy to provide for sudden changes 
in load demand or to compensate for the varying runoff from the intermediate 
area. Therefore, a regulating body of water, or pondage, is needed directly 
at the plant. This may be drawn upon quickly to suit sudden changes iii. 
load demand and t.o compensate for inaccuracies in operation of the storage 
reservoir. When storage reservoirs are not provided, pondage is necessary to 
regulate the natural flow to suit the variation in daily or weekly load 
demand. 

Usually, the hourly demand is quite variable, and the average demand 
during a work day is often materially different from that of Saturdays : and 
Sundays. The average weekly demand, however, is generally fairly constant. 
The duty required of pondage without storage is therefore usually that of 
regulating the weekly flow to suit the variation in load demand from the aver¬ 
age wec?kly demand. 

In general the word “storage” is used to indicate the building up of the 
low natural flow of the stream to a uniform discharge, and the word “pond¬ 
age” is used to indicate the regulation of the resulting uniform flow, or the 
natural flow if there is no storage, to suit variations in weekly load demand. 
If storage is at the site of the development, it will also provide the necessary 
pondage. 
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FLOOD FLOWS 

1. General. It is necessary to know the characteristics of floods to be 
expected in order to insure the safety of the dam, the powerhouse, and other 
parts of the development and to acquire reservoir property for flooding 
rights. 

The spillway of a high earth dam, aIjoyc a populated district, must be 
designed to pass a flood of extremely remote probability in order to avoid 
the possibility of great loss of life and property damage. The spillway of a 
concrete dam on good foundations, similarly situated, may lie designed for a 
somewhat smaller flood 1 Krause, while an overtopp'd earth dam will surely 
fail, a concrete dam on good foundation has a material factor of safety. 

The protection of the powerhouse and other appurtenant structures ns well 
as the purchase of reservoir flooding rights can he ba^od on a much smaller 
flood, for the reason that it is more economical to stand the damage once 
in a long period of years than to incur the initial expense of protection 
against a very large flood. Thus the determination of the proper flood to 
provide for involves the question of probabilities and judgment. 

A method will tie given to determine the probable frequency of the smaller 
floods, but the probable frequency of the huge floods for use in the design of 
the spillway is not at present possible of determination and another method 
must he resorted to. 

Where there is no storage at the site to smooth mil the peak of the flood, 
the maximum rate of discharge is of primary interest, ami the total volume 
in the flood and the shape of the hydrogrnph are seldom, if ever, of impor¬ 
tance. However, if there is a large reservoir above the dam and if a rise of 
water surface above the spillway crc&t is necessary to pa<s the flood, a part 
of the flood will temporarily Ik* held back by the storage above the spillway 
crest and the peuk of the flood will lie materially reduced. In this ease 
the volume in the flood and the shape of the hydrograph are as important 
as the peak discharge and frequently more important. 

The mudem method of estimating flood runoff by the study of meteoro¬ 
logical influences, infiltration losses, the unit hvdrograph, and physical char¬ 
acteristics of the watershed involves a degree of research that is justifiable 
only for the final designs of important dams* 

♦For a complete analyse see Ref. 2. 
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Ait approximate method sufficiently precise for preliminary studies will 
be included here. 

2. Peak Flows. Table 1 will be found useful for a study of record- 
breaking floods in any section of the country. It contains a list of the peak 
flow of unusual flood discharges in the United States and other countries; 
it is an abridged form of a table compiled by Jarvis and Creager [2] in 
1941. The table includes only those floods that are necessary to define an 
enveloping curve for each state. It excludes also a number of large floods 
when a larger flood has been recorded close by on the same river. 

Floods from Table 1 having values of C, in Eqs. 4 and 4a, greater than 30 
are plotted in Fig. 1. These data are in terms of the maximum momentary 
flow. The original records described a few floods in terms of 24-hr average 
flow and these have been adjusted for momentary flow by Fuller’s equa¬ 
tion [1]: 

Q = Qi(i + 2A“°-*) Ilf 

where Qi = the recorded 24-hr average flood in cubic feet per second: 

Q = the corresponding momentary peak flow; 

A = the drainage area in square miles. 

This equation is admittedly approximate, being based on very few obser¬ 
vations. 

When the magnitude of the peak of a flood from a given drainage area is 
known, it is sometimes desired to know what the peak probably would be 
from a different drainage area of the same characteristics and under the 
same meteorological conditions—for instance, from another point on the same 
river or a similar river. 

It is known that, with other conditions the same, the greater the drainage 
area, the smaller the flood per square mile of area, the most commonly used 
equation being 

Q - C'A n [2] 

or its equivalent, 

q = C’A*' 1 12 a] 

where Q = the flood in second-feet; 

q = the flood in second-feet [>er square mile; 

A = the drainage area in square miles; 
n = an exponent which is less than unity; 

C r — a coefficient depending upon the characteristic of the drainage basin. 

A reference to Fig. 1 indicates that, with the exception of a few floods of 
rather remarkable magnitude, an enveloping curve can be drawn which indi¬ 
cates an approximate variation of flood peak per square mile with drainage 
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area; Such a curve has been drawn in Fig. 1. It indicates that the value of 
n is not constant but takes the approximate form of 


» - 0.8941 “«■*« 

13] 

and the equation of the enveloping curve * the form of 



M 

or its equivalent, 


9 46 

I4u] 


In Fig. 1 the enveloping curve for C = 100 follows the general trend of all 
maximum floods with the exception of those resulting from two storms: the 
1040 storm in North Carolina (floods 559, 560, and 7601) and the May- 
June 1935 Texas storm (floods 780, 789, 803, and 816). There was also an 
unofficial record of an extraordinary flood in the Philippines (976). 

These floods are inexplicable. They were estimated by the U. S'. Geological 
Survey, the Texas records being reviewed at the request of the authors. 
Therefore, it must be assumed that these floods were the result of meteoro¬ 
logical conditions so different from those for usual great storms as to put the 
floods in a class by themselves, and hence they would not affect the general 
trend of the enveloping curve. 

The “modified Myer's maximum 100%,” which is the mosf used of the 
equations of the form of Eqs. 2 and 2a, has been shown in Fig. 1 solely for 
comparison with Eqs. 4 and 4a. 

The equation of the enveloping curve for districts having smaller flood 
peaks than that corresponding to C = 100 has not yet been found, but it is 
lielieved that for the present Eq. 4a with C less than 100 is the best available. 
Equation 4a is useful in drawing enveloping curves for plotted floods in 
limited districts. Such curves can be drawn easily by multiplying the ordi¬ 
nates of C = 100 in Fig. 1 by a constant to obtain a curve for any desired 
value of C. 

The first step in the use of Table 1 in flood studies comprises an investi¬ 
gation of the climatological features of the surrounding section of the country 
in order to determine the limits within which such features may be con¬ 
sidered approximately the same as those for the drainage area in question. 

A search is then made for record floods throughout that section of the 
country, and these are plotted as in Fig. 1. An enveloping curve, plotted 
from Eq. 4a or reducing the curve for C = 100 in Fig. 1 as explained, would 
then indicate the flood characteristics of the maximum flood-producing 
streams in that section. One must be sure that the section considered is 
large enough, has had its share of floods, and has been sufficiently gaged for 
its records to be indicative. Otherwise a larger section must be considered, 
even though it extends into greater flood-producing sections. As the ultimate 
limit. Fig. 1 could be used. 

* Equations 4 and 4a are not “flood formulas” in the usual sense. 

111,200 sen-ft; per sq mi from 0.4 sq mi is off the figure. 
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TABLE 1 

Unusual Flood Teaks, United States and Foreign Rivera 

ByC. S. Jarvis and William P. Creager 


() Items in parentheses are known to lie approximate or unofficial. 

Item numbers are the same as in the original table. (Sec p. 101 of Ref. 2.) 


Urn 

No 

Drainage 

Arm, 

Flood, 

mo-ft 

pw 

Item 

No 

Drainage 

Am, 

Flood, 

fto-fl 

l*r 

Item 

No. 

Drainage 

Area, 

Flood, 

Bee-ft 

per 

linn 

No. 

Drainage 

Area, 

Flood, 

eec-ft 

P«r 


*1 mi 

aami 



M| mi 



aq mi 



wi mi 


Alabama 

42 

150,300 

3.7 

80 

* 

Bl.4 

418 

131 

26 0 

582 





51,500 

/ (4.0) 

87 

610 


132 

15.6 

619 




43 

\ 6J5 

88 

534 


133 

7.8 

1,160 

1 

30,800 

14 4 

44 

19,000 

18.B 

89 

47.9 


134 

73 

1.900 

2 

26300 

108 

45 

1A40 

91 

90 

404 


135 

7.1 

862 

3 

15,400 

05 




91 

39 8 


136 

07 

1,300 

4 

8,390 

17 0 




92 

35.0 

1,700 

187 

6.1 

1380 

5 

4,830 

446 


California J 

93 

19A 

442 

138 

24 

1,810 

6 

3,840 

18 2 

. 



94 

17 9 

444 

139 

1.8 

1360 

7 

2,500 

236 




95 

164 

526 

140 

lJt 

1,270 

8 

2.100 

20 4 

■a 

22,500 

250 

90 

15 4 

MOO 

141 

10 

2,000 


1,900 

* 300 

EH 


31 8 

97 

10 8 

425 




HI 

1,700 

304 

53 

3,627 

516 

98 

7.4 

550 




11 

504 

310 

54 

M-Ri/i'HP: 

96 

99 

3.59 

3.760 


ConneeHnU 

12 

272 

43 

55 

1,040 

56 3 

100 

2.2 

1,880 




18 

7.4 

00 

5b 

1,921 

95 

101 

0.81 

6,050 




14 

3.0 

53 

57 

1,201 

999 




147 

9,637 

J93 




Cl 

1,060 

75 




148 

1.020 

31 0 




El 

845 

118 


Colorado 


149 

5B4 

417 


Arfanta 


00 

055 

016 




160 

118 

52 




61 

619 

mrm 

| 



151 

79 0 

78 




62 

013 

II 

107 1 

17,100 

7 

152 

47.4 

141 

18 

225,000 

105 

03 


tm 

108 | 

4,600 

22 3 

153 

25.0 

157 

20 

50,000 

393 

64 

565 

am 

n 

1,740 

67 0 




21 

17,750 

75 

65 

510 

13d 

110 

1,444 

196 



“ 

22 

12,000 

24.7 

66 

465 

275 

I 

l 270 

Bll 

Dirfri'f of Columbia 

23 

0360 

22.0 

67 

394 

176 


940 

80 




24 

6.000 

276 

68 

375 

187 


609 

124 




23 

5,756 

360 

60 

325 

231 

1 r 

635 

101 

159 

11,500 

420 

20 

3,850 

234 

70 

290 

241 

1 1 

482 

149 

180 

77 5 

126 

27 

1,480 

66.3 

71 

262 

330 

' J 

280 

5BR 

161 

62.2 

71.7 

28 

544 

82 

72 

254 

220 

1 1 

266 

284 




29 

450 

110 

73 

249 

223 


, 230 

623 

“ 

“ 


30 

340 

104 

74 

227 

187 

1 J 


578 


Florida 


31 

210 

05.4 

75 

222 

248 

1 * 

151 

473 




32 

300 

125 

78 

219 

174 

121 

131 

244 




B8 

80 

440 

77 

200 

280 

122 

130 

aza 

167 

1,220 

/ 281 

34 

20 

647 

78 

204 

440 

123 

118 

291 

\f73.H) 


1 


70 

189 

201 

124 

100 

220 

168 

336 

893 




80 

172 

250 

125 

86 

283 





Arkansas 


B1 

140 

32J 

126 

60 

725 







82 

112 

217 

127 


913 


Georgia 





83 

108 

278 

128 

40 

775 



40 

1,050,000 

231 

84 

98.6 

379 

129 

34.4 

564 




41 

| 12)00,000 

2.04 

B5 

ai .0 

.. 

270 

130 

29.0 

860 


17300 

1 * 
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TABLE 1 —Contiriuid 

Unusual Flood Plak.^, United Siateb and Foreign Rivera 


Flood Hood Hood 

r if ^ r tr -■» 

I* **° pflr Vo ptr 

tti mi ■M “* M mi nu 

■l™ 1 I Ml mi Bq mi 


Ilun D ™“* t 

N. Anu 
■quo 


48 >26 

f H 226 

I (26 0) 227 

42 1 228 


Maamrhuirtta 


0 260 127 
<02 40 8 


131 7 840 
232 4 424 


331 | 11 


289 1400 000 

21)0 1 242 700 | 

291 160 000 


13 0 218 

13 0 182 


1 13 

2 40 244 

9 0 241 

9 4 246 

16 8 >47 | 

9 9 248 

10 7 249 

180 210 
10 0 291 

7 9 212 

10 9 29) 


0 64 
302 
2 06 

7 0 2117 
9 0 298 
112 299 


2’ 1 720 
19 0 960 


144 4 000 

141 I >461 

146 I 800 

347 M2 


36 800 
114 17100 

399 14 600 

366 12 400 


14 802 900 

16 201 900 

16 28 000 

17 27 914 

18 11480 


990 
. 260 
201 

I 1 26 > 

263 

264 

205 


180 

40 I , 

07 I 

911 IP | 

20 1 91) j 

16 4 914 | 

m HI 

116 | 

117 

118 
die 
J>0 

(2 71) 821 


9 054 10 

876 97 

817 79 2 

202 83 

2B7 261 

247 177 

181 133 

169 118 

148 182 

84 4 239 

28 0 330 

36 1 269 

21 1 Jl] 


Mxthuipjn 


184 1 144 600 
105 11850 

366 1 400 


00 218 
60 100 

DO 42 8 

10 'Wun 

190 1110 


I 374 701 000 I 89 
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TAMLh l —Continual 

[ msval Ilood Peaks Vnuld Hiaieh and Foreign Riyuhh 


Itini D 7 nV -ft j Item Dr A im « B 

No . A "‘ p.- No A "‘ 

,|m Kin. «•“ 


/’fHMv/ianu 


Dt una& 
Kn i 


14 074 

29 675 

21 67b 

418 
24 1 
43 
43 
13 

M M2 

18 1 «* 
84 
7 «n 
49 
67 

116 089 

58 690 

70 691 

"3 092 

80 o94 

91 694 

89 | 693 
99 696 

m t )7 

P 2 6 Ml 


0 b 760 
0 6 I 494 
058 I 4170 

_l 

Rhode Inland 


Sou/A C aroltna 


703 | 

8 720 17 2 

706 , 

4 090 4 0 

*07 

1006 B 0 


inUIMMfl 


713 

942 900 

19 

714 

48 300 

119 

-15 

21 182 

214 

710 

17 460 

(22 0 ) 

717 

16 000 

181 

718 

12 860 

13 B 

719 

12 300 

29 7 

730 

10 740 

171 

721 

8 990 

Id 7 8 
\ >17 

723 

7 420 

309 

723 

4446 

( 549 ) 

724 

3 090 

85 


i (« 4 ) 
282 
(85 4) 
47 8 
1303 
\2i2 
848 
304 
330 
174 
/ 1860 ) 
\ 834 
138 

J (44 fl) 
l 103 
407 
645 
34 3 
54 0 
190 
JlIW) 
l 880 
/(I 34 ) 

\ 37 8 
B 53 
PI 
815 
774 
794 
907 
234 
170 
340 
315 
490 
810 
080 
490 
730 
2 470 
1 030 
1030 
11300 
1900 


767 US 318 
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TABLE 1 —Continued 

Um/»U4L Flood Peaks, United States and Fobbiun Rivbrh 


lira 

No 

Drainage 

Aim, 

lluod, 
art-ft 
\trt 

itrai 

No 

Drainage 

Arm. 

Flood, 

MT-ft 

PW 

Ttnn 

No 

Orunairr 

Arra, 

Mood, 

nec-ft 

Item 

No. 

Drainage 
Am, 
aq mi 

Flood, 

MXVft 

IMT 



mi mi 



HQ mi 



mm 


aq mi 

m 

1,145 000 

35 

170 

4,100 

239 

984 

136 

4*0 


10 

2 010 

MM) 

1,100.000 

271 

177 

3 3h0 

74 

985 

178 

b'H 


5.3 

2,070 

•>70 

307,070 

41 

978 

1JJ0 

939 

986 

58 

1,380 

H4 

45 

1,600 

971 

141,800 

12 7 

171 

CUiJ 

493 

987 

52 5 

4ftl7 

995 

15 

1,600 

‘17 2 

8h,B20 

53 

980 

8*1 

.182 

988 

42 

1,300 

916 

1.1 

2,810 

171 

02,000 

61 

9H1 

587 

324 

189 

23 

1,950 

997 

10 

3,250 

174 

58,000 

10 b 

98? 

544 

432 

990 

20 

1.750 




1175 

31,400 

12 5 

183 

345 

343 

991 

18 3 

1,870 





When the enveloping curve is obtained, the next step is to determine 
whether the fluod-pcuk-prnducmg characteristics of the stream in question 
are as great as, or greater than, the maximum characteristics in that dis¬ 
trict, as indicated by that curve. Without evidence to the contrary it should 
lie considered at least as great, the possibility that it might be greater always 
being recognized. 

There are a nunilier oi significant ph>Hral cliai act eristics that affect the 
jieak-producing ability ot a stienni, and a comparison of them with those 
of the streams whose record floods influence the enveloping curve will often 
show whether or not a smaller flood peak than indicated by the enveloping 
curve mnv lie used for the stream in question [2|. However, except where 
conditions arc unusual, as in the case of extremely large natural lakes or 
stamps on the watershed, such companions are seldom made for preliminary 
studies, but the enveloping curve is used. In this connection, many earth 
dams with small ponds, h.mng a spillway capacity much less than that indi¬ 
cated bv such an enveloping curve, have been m existence for a number of 
\ear« without damage Although some have failed owing to overtopping, 
the fact that many more have not faded may be attributed to the ciicum- 
stance that the record floods used to define the en\ eloping curve were all the 
result of a combination of conditions that made the probability of such an 
occurrence on a given watershed very remote. Data on such probabilities 
are greatly needed. On the other hand, there is the consideration that future 
enveloping cuivcs for a given district will continue to rise as time passes and 
more records are obtained. These two factors tend to balance each other, 
and, for that reason, the use of the enveloping curve for preliminary studies 
is reasonable. 

3. Effect of Physical Characteristics of Watershed. A knowledge 
of the physical characteristics of the watershed is helpful in evaluating its 
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flood-producing tendencies. Aside from differences in area of tho watershed, 
two streams may have materially different flood tendencies, aeeounted for 
by a varianee in the characteristics of the watershed. The flood coefficient 
C of Eqs. 2 and 4, which in made necessary by such differences in character¬ 
istics, depends on many factors, the chief of wliich are: 

(а) Storm Rainfall . Intensity, areal distribution, orientation, direction, 
trend of great storms, effect of ocean and mountain ranges. 

(б) Infiltration. Character of the soil, antecedent moisture, frozen 
ground. 

(e) Geographical Characteristics. Shape and slope of watershed. 

(d) Natural Storage. Valley storage, tributaries, lakes, and swamps. 

(r) Artificial Storage . Reservoirs, channel improvements. 

(/) Land Coverage. Forested, cultivated, pasture, and barren areas. 

(f/) Sudden Release* of Flow, lee and log jams, debris jams against 
bridges, questionable safety of upstream dams, sudden snow melt. 

The effect of areal distribution and orientation will be discussed later. If 
the general direction of storms is downstream, the tendency is for greater 
peak flows. 

Storage, of whatever nature, tends to reduce the peaks of floods. The 
effect of lakes, swamps, ground storage, surface slorago, and valley storage 
must be evaluated according to judgment ami experience. 

Deep sandy an*as are ennduene to large infiltration, therefore reduction 
of the peak and volume of floods. Antecedent moisture in the form or rain 
reduces infiltration. Frozen groiuul also materially reduces infill ration, par¬ 
ticularly if the soil is fine-grained. The infiltration capacity of a coarse¬ 
grained soil may not be materially reduced by freezing. 

Storage above the ground is affected by the nature of the vegetation, the 
shape and slojie of the drainage area, and the characteristics of the river 
bed and banks. It is evident that those characteristics which will permit 
rapid runoff of the precipitation to the site of the dam will result in large 
floods. Rorky slopes devoid of vegetation are conducive to quick discharge. 
Conversely, areas covered with dense vegetation will prove effective in bold¬ 
ing Imrk the water and smootlung out the jicak of the flood. Heavy grasses 
and underbrush are particularly effective in this respect. Forests also retard 
the melting of snow. At the peak of the precipitation practically no water 
is held back by adherence to leaves and branches of forests al>ove the ground 
surface. For this reason many engineers in this country believe that it is 
the removal of the dense underbiusli and surface humus rather tlmn of the 
large trees that has increased flood tendencies in deforested districts. On 
the other hand, a communion of engineers studying floods in Germany has 
concluded that forests tend to mitigate the smaller and middle floods and that 
only in long and continued rainfall is this influence lost. 

Cultivation, with furrows parallel to the surface contours, reduces peaks 
and increases infiltration. 
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Valley storage is the amount of water required to fill the river channel and 
valley to high-water elevation during floods. This sometimes has a tremen¬ 
dous influence on peak discharge. Frequent restriction in the-liver valley 
will tend to increase valley storage. 

Steep slopes will produce rapid runoff. Therefore, floods from mountainous 
districts are relatively severe* 

In rivers with tributaries extending in the shape of a fan from a given 
point, and of approximately the same size, the peak of the flood from each 
tributary is likely to reach the’ main stream and the dam at about the same 
time, resulting in relatively large floods. Conversely, when the catchment 
area is comparatively narrow, with tributaries of different sizes discharging 
into the main stream at regular intervals, the peak of the runoff from the 
tributary areas will reach the dam at different times, resulting in relatively 
small floods. A large number of tributaries also produces rapid runoff. . 

The creation of extremely long reservoirs materially decreases the time of 
runoff. 

4. Flood-frequency Studies. The probable occurrence of all future 
events, based on an extended record of past occurrences, can be estimated 
according to the law of probabilities. In connection with water powers, such 
sLudies are useful in the determination of the probable frequency of the 
following events: 

(a) Flood flows. 

(b) Low river discharge. 

(c) Depletion of storage reservoirs. 

(d) Low annual rainfall. 

(e) High rates of rainfall. 

All such studies are based on the same basic principle as outlined herein 
for floods. The following flood-probability method was formerly used to 
determine the spillway design flood, but experience has demonstrated that it 
is not reliable and for such purposes it is no longer standard practice. How¬ 
ever, it will be described here in a modified form * because it has the follow¬ 
ing important uses: 

1. Special studies involving smaller frequencies, such as the probability of 
damaging the properties of the owner and relatively unimportant properties of 
others. 

2. Special studies involving still smaller frequencies such as the probability of 
overtopping cofferdams. 

The method involves the following steps: 

1. The plotting of existing flood records in the form of a frequency probability 
curve, as in Fig. 2. 

2. The extrapolation of this curve to intervals of time, /, greater than the 
length of the records. For example, in Fig. 2, a flood of 400,000 sec-ft may be 
expected on the average of once in I = 200 years. 

* For full description see W. P. Creager, Engineering for Masonry Dams, 2nd 
ed., John Wiley & Sons, New York, 1929. 
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her of divs the flow ioiu lined ilxne thit stigi 01 the numliei of peaks and 
x alleys in the flow before the di-rhugc igun receded below tlic Instc stage 
I he c Loire of brnc st ige influences the liuinbci of floods to hi considered, 
is in extremely high 01 m extremely low basic stage would obviously result 
in the consideration of very lew flood'* Theoretic illy, the best basie stage 
is tb it which results in the Ingest n mibei ol floods, since b\ such me ins wt 
hive tlic gre itest imount of dita and hence the most accuritc result Un¬ 
fortunately however, in nnny rivers, tbr bmc stage resulting in the greitcbt 
iuhdLmi of floods corn sponds to a flow so low i«? to be entirely below the flood 
cliss, md some othu method of fixing the propei basic st ige must lie devised 
It generdl} conceded tint like ind swimp arc is have a much gre iter 
influence on the frequeney and m ignitude of 'miall floods than on those of 
luge ones Consequently, it is lx coming more generally recognized thit in 
dl flood-probilnlily studies a gicitcr weight should be attached to the larger 
floods It is then foie adyisible to elnninite from consilient ion as min\ of 
(he ‘■miller floods possible without reducing too greith the number of 
floods included In gcmril, i hisic s( ige equal to or slightly lower than the 
lowest maximum yeirly flood is recommended 

Vn ostimitc of the piobible frequency of flood flows of the Tennessee 
River it (hittinoogi Tenn, mule according to the liw of piolnbihhes 
is given below The method is strictly ipplirable to ill lmilar pioblcms 
The disrlnrge records of the Tennessee Ri/ei thit were consuleied extend 
ovci i period oi 41 vc ns—from 1S7 1 ) to 1013 inclusive, plus 101b and 1017 
Ml floods* in excess of 100 000 sec-ft thit occurred dining those yeirs aie 
lecorded in Col 2 ol 1 rblc 2, which inelie ites the nunibev of oecunences of 
floods with i murnitudc between the contsponding flood in Col 1 and the 
next one below In tin- e ise 7 floods yyith i m ignitude between 200 000 and 
20") 000 *-cc H oerimed dining the period of rccoids 
In C ol i i suniinitioii is gnen oi the occuritnces indicated in Col 2 
( olumn I thcieloic, shows tlic numUr ot times, during the peuod i guru 
flood w is c qn tic cl or exceeded In this c isc a flood equil to or gre iter thin 
200,000 sec-It occ lined o7 turns duiing the ]xnod 

\c cording to the Uw of irobibihtus the piobable percentage of future 
fluids tint will equil oi exceed i gi\en flood, Q, miv be obtained by the fol¬ 
low ng i quit ion 


where p ■= the piobible putentage ol future floods that will equal or exued a 
given flood, Q, expressed is a whole number, 

« = the number ot times, dining the period of lecords, a flood, Q, was 
equaled oi exceeded, as shown by Col 3, 
wi — the total nuinlici ot floods that oc euned durmg the penod of records, 
m this case lieing 170 floods 


*Ioi rlns cxtmpli tlu bisif-sligc method is um d 
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This equation gives the values of p in Col. 4, which indicates that 20.7% 
of all future floods above 100,000 sec-ft probably will equal or exceed 
200,000 sec-ft. 

Values of flood discharge given in Col. 1 are plotted as ordinates, and 
percentages from Col. 4 as abscissas, on probability paper, as indicated in 
Fig. 2. 



Fig. 2. Probability curve of Tennessee River at Chattanooga, Tenn. 

A line is drawn through the plotted points and extrapolated to a limited 
degree, as previously explained, to obtain the probability of future floods in 
excess of the maximum of record. The line is not always straight as indi¬ 
cated in Fig. 2 but may be somewhat curved. A mathematical method is 
available for such extrapolation; * but, for the extent of extrapolation now 
considered allowable, an extension of the curve by eye is sufficiently accurate. 

To obtain the frequency of occurrence, /, of future floods, let y equal the 
number of years of records, in this case 41 years. Then 

♦See p. 173 of Hydro-Electric Handbook, by Crcagcr and Justin, John Wiley 
A Sons, 1927. 
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Foi this example 


/ * 100y 
rnp 

100X41 _ 22.9 
179p p 


[ 6 ] 


By means of Eq. 6, the upper .scale of frequency m Fig. 2 is calculated from 
the lower sculp of percentage. The probable frequency of future floods can 
now he token from Fig. 2, winch indicates that a flood equal to or greater 
Ilian J8b f 000 may be exported once each year and that a flood equal to or 
greater than 440,000 can lie expected once in 200 years. 

Great care should be exercised in the use ol probability curves, partieubirly 
if Ihe nuinlier of recorded events is not great. The frequency and magnitude 
of events during a relatively short period may correspond to a low or high 
cycle and therefore may not lie indicative of average combi ions. However, 
the use of probability curves, when limited as previously explained, is far 
preferable to the application of u factor of safety to the maximum recorded 
flood. 

6. Physical Indications of Past Floods. Authentic federal and state 
government high-water records, extending over long periods, may be obtained 
for many stream*.* Such rcounts uio often available also from mill operators 
and city officials. In general, however, the elevation of record high water 
must be determined from the obsci vat ions and traditions of residents and 
from physical indications on the banks of the stream. 

Observations and tradition* of resident v should lie regarded with caution. 
Individual reports of untrained observer are subject to groat error and are 
often of doubtfuJ veracity, as the desire to report high water a little higher 
than reported by a neighbor is often, among certain classes, greater than the 
love of truth Unfortunately, also, reports are ooniciiiucs biased bv a desire 
to give an impression of great or small floods, whichever in the opinion of the 
observer will belter serve his intercuts. However, credence may lie given 
when a number of observations closely agree and are referred to definite 
objerts, such a* sills of doors and window* or nails driven for reference. 

Confirmation may tie obtained from the elevation of deposited brush, logs, 
or alluvial matter, sears on banks and large trees from floating logs, and what¬ 
ever other indications of high water mav be discovered. High winter, in a 
valley formed from the sediment from fluods, is, of rourse, always higher 
than the surface of such deposits. 

The elevation of record high water having been fixed, there are four methods 
by which an estimate of the corresponding discharge can tie made. 

1. The head on a dam which existed at the time of such high water can 
be determined, and from this the discharge over that structure can l>e com¬ 
puted by one of the w T cll-knuwn weir formulas.! 


*U. S. flcol. Survey, U. S. Weather Bureau, Engineer Department, U. 8. Army. 


etc. 


1 See Ref 1J5, Sreticni 19, Chapter 8. 
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2. In unusual cases whore the lows of hrad at contracted openings between 
bridge abutments has been observed, the approximate discharge can be com¬ 
puted from the expected loss at such openings.* 

3. If a considerable si retch of straight river with a nearly uniform cross- 
section and slope is available, an estimate of the discharge can lie made by 
the slope-area method, using Kut tor's formula for the flow in open channels, 
particularly if accurate current-meter measurements of smaller floods have 
been made to determine the coefficient of roughness of the channel. 

4. By the projection of a rating curve to the elevation of high water, f This 
method, however, is available only for a rough indication of the corresponding 
flood, unless the cross-scx'tiuii of the river is particularly regular and the dis¬ 
charge measurements used in plotting the curve cover a range including flood? 
of considerable proportions. 

Slope-area methods of determining discharge, mentioned in Item 3, are 
subject to three major uncertainties: (n) scour of the river lieil during rising 
floods and subsequent relill as the flood Teredos; (b) nomuiiform rate of rise 
of water surface in the length of the stretch of river being gaged; (r) the 
choice of Kutter’s coefficient, n. 

(<i) The bed? of silt-lmlen rivers flowing on flat alluvial deposits may scour 
greatly because of the lngh velocities during floods and may subsequently refill 
as the flood recodes. For this reason it is necessary for accurate sloi>e-area 
gagings to know the cross-^cetiniis, or at least to obtain a few soundings, at 
the peak of the flood. Measurements of the cross-section after the passing 
of the flood .are worthless m some eases. 

Sometimes deposits of immovable material located by borings, or other 
deposits which the geologist may classify as of ancient origin, will indicate the 
maximum possible scour that occurred during recent floods. Occasionally 
bridge piers? that are known to have stood a flood without the aid of founda¬ 
tion piles will indicate by the elevation of their fomidatinns the maximum 
scour that could have occurred. 

(6) The slope of the water surface is steeper for the rising flood than for 
the highest water or the receding floor!. Thu* the maximum discharge nniy 
not occur when the wafer surface is highest. 

(c) The best indication of (he value of KultorV a for use in •dope-area 
gagings of a large flood is obtained from sloix^-aren measurements in con¬ 
junction with some later, smaller flood that Iihs liecn gaged by another method. 

Values of n vary for natural channels generally between 0.023 and 0 035. 
However, floods overflow upon u, different character of surface which some¬ 
times may lx* considerably rougher and may even be wooded. For sueh sur¬ 
faces the values of n frequently reach 0.040 to 0.0(>0 and occasionally inny be 
in excess of 0.100. 

* Section 11, Chnptei 8. 

t A rating curve shows llie ielation between gage height and discharge as indi¬ 
cated by discharge mcasuienicuts. 
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Photograph* of nver types with recommendations for values of n will he 
found in ‘'blow of WAtcr in Drainage Channels/’ by C E. Ramser, 27. S. Dept. 
Agr. Tech. Bull . 120, November 1929. See also “Some Better Kutter’s For¬ 
mula Coefficients/’ by R. E. Horton, Eng New, Feb. 24, 1910, p. 373. 

6. Storm Rainfall. Records of major storm rainfall can be foimd in the 
publications of the IT. S. Weather Bureau. Isolated records have been kept 
also hy local public and private organizations, the most comprehensive of 
which is that of the Miami Conservancy District [3]. Bailey and Schnei¬ 
der 14J have summarized the Miami and other data and have prepared 
charts giving pr ibable excessive ram tali m eastern United States. 



Fin 3. \\ernge i.unf ill foi gi\en area in pneen1iigp of maximum rainfall at 

sing 1 ? station 

The War Department, Office of the Chief of Engineers, Washington, I). C., 
has started the a (‘cumulation of comprehensive dita nerps^trv for evaluating 
flood potentialities of drainage basins. A large part of this study has been 
completed. It includes not nnlv rainfall at single stations but also variations 
with drainage area and m.w rainfall rune*. 

The relation between the rainfall at a single station and the average rain¬ 
fall over a given area surrounding that station vanes with each storm. For 
this reason a safe value must be used to obtain the average rainfall on a given 
area derived from the records at a single station. Figure 3 gives these values 
based ii])on enveloping curves of data contained in the Miami reports anil 
the War Department studies. 

All published records of average storm rainfall and average storm rainfall 
derived from Fig. 3 are bounded by equal isohyetal linos which, in all prolv- 
ahility, resemble in no way the shape of the area tributary to the dam. 

It must be rcmemlH'rcd that the area m question will have the same rain- 
lall as that of the area within the isoh>etnl lines of the storm, only (a) if the 
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storm is centered exactly on that arcs, (ft) if the storm is of the same pattern 
as the area, and (c) if the storm is oriented exactly on the area. On the other 
hand, any record storm for a given district is liomul to be exceeded in the 
future. Some engineers lieheve that the chances of a record storm centering 
on, shaping to, and orienting on a given drainage area are much less than 
the chances of the record storm lieing exceeded. To this opinion is attributed 
the fact that many earth dams in this country are still standing with spillway 
capacities much less than dictated by the methods of the more radiral engi¬ 
neers. 

The choice of the magnitude of the storm rainfall to be used for flood studies 
is therefore a question of probabilities about which very little is known. It is, 
then, more a matter of judgment and precedence than an exact analysis. 

7. Storm Runoff—Volume in Flood. Studies Imbed on infiltration rates 
lead to a reasonable estimate of the iiercentnge of rainfall that appears us 
runoff during the period of the flood. Such studies are quite involved and are 
seldom used in preliminary investigations. 

It has been demonstrated that the capacity of a given soil to absorb rain¬ 
fall falling continuously at an excessive rate rapidly decrease* until a fairly 
definite minimum rate of infiltration is reached, usually within a period of a 
few hours. Therefore, the percentage of rainfall that appears as runoff in¬ 
creases materially with the intensity and duration of the btorin. It ap¬ 
proaches 100 f { in some Inrahties. Consenalir-m is necessary in this respeet 
since the available data seldom correspond to a storm which sufficiently ap¬ 
proaches that assumed for the spilhvav design flood. When good rainfall 
records are available, the plotting of runoff percentages for storms of several 
intensities may allow a fair amount of extrapolation for the spillway design 
storm. 

Winter storms on frozen ground without a snow cover are conducive In 
high runoff. With snow on the ground a runoff greater than 100 r ;. might he 
expected and may be equal to the runoff plus thr water equivalent of the 
snow cover. However, tin* insulating effect of deep snow has a tendency to 
reduce the frozen condition of the soil. 

Usually 8 to 10 in. of fresh <now i* the equivalent of 1 in. of water. How¬ 
ever, 10 in. of old snow inn> be the equivalent of us much us 5 or 6 in. ol 
water. 

Owing to the many variables and complex factors affecting snow melt 
during major storms, very little practical information is available. For pre¬ 
liminary studies it may lie assumed that the maximum snow-melt runoff 
may he 0.1 ill. per degree-day of leuqieraturc above ,'52 degrees Fahrenheit, 
limited, of course, to the amount of snow mantle. For instance, if the average 
temperature is 42 degrees during a 4-day storm, the degree-days above 32 
degrees Fahrenheit would he 40 and the runoff would lie 0.1 limes 40 or 4 in. 

8. The Shape of the Hydrograph. The approximate shape of the flood 
hydrograph can lie obtained by the following method: 
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The peak flow having been estimated from Section 2 and the total storm 
runoff from Section 7, the next btep is to detenu me the nhajic of the hydro- 
graph. The length of the bwsc of the hydrograpk may be determined by 


D a 


MAi 

Q 


m 


where D a =» the length of base of hydrogniph in days; 

A = the drainage area in square ntlch 
i = the total runoff from the watershed in inches; 
Q — the jienk discharge in second-feet; 

M = a constant obtained from Fig. 4. 


Let A 


270 sq mi, i = 11.1 in., and Q * 60,000 see-ft. From Eq. 7 


D a 


120 X 270 X 11.1 
60,000 


6.0 days 


Figure 5 shows dimensionless hvdrogmphs that are acemale enough for pre- 
lunuiiin studies. For a gi\en drainage area (270 sq mi m the example), snu- 



oufl values of D, less than the total Mood pound D, n are chosen and D/D a is 
calculated From Fig. 5, the concspunding discharge ratios Q7Q are olv 
tained, from which the discharge Q' at any time D, after the beginning oi 
the flood, can lx 1 calculated and plotted in Fig. 6 for the inflow of the flood. 

9. Routing Floods. The surcharge stoiage in large reservoirs, above the 
spillway crest, lia 6 : a material influence in reducing the peak of the flood, os 
shown in Fig. 6. 




80 


FLOOD FLOWS 


IOiup. 61 


The flood of the foregoing example is routed, us indicated in Fig. 7, which 
illustrates a convenient method [5] of routing floods through a reservoir. 
In this figure, the curve Q ib the spillway rating curve. Curve 8 is the sur- 




Fifl. 6. Inflow and outflow hydrogmphR for the given example. 

charge borage in the reservoir. The spillway crest is at Elev. 430.0. When 
the flood rises to Elev. 437.1 the reservoir stores 40,000 ucre-ft of water. 

The routing computations ret pi ire a step-liy-ntcp method for cert am inter¬ 
vals of tune os indicated in Table 3. For this example an interval of time 
of 12 hr was used. The smaller the interval of tune, the more accurate are 
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the computations Usually a smaller interval of time than that shown in 
Table 3 is roq lined to obtain reasonable atcura *y. 

Curve B ib obtained by subtracting from Cuive 8 one half the spillway 
discharge capacity at conesponding elevations of water burlare, expressed in 
arie-lcct pci 12 hr For tins example, the spillway dischaige with water 


Spillway discharge in sec -ft /1000 



suit ice l 1 1-lrv 4HS is 10000 sm- it tint llic conesponding discharge, e\- 
pievced in icu-lent pci 12 hi, is 

. _ Second-feet X Ilnurs _ _ 

Aur-tt = - u ,- [8] 

. ^ 10,000 X 12 „ lBl , 

Ac ro-lt - ’ - --- 9030 

J2 L 

Tlieiefore, al Elov 414 8, i point on f'mvo B is plotted by tubtiacting one 
half of the discharge c ipicitv or WIU/J 4%5 acre-it from Cuive 8 
Sunil irly, Curve E is obtained by adding one half of the coiresponding 
acre-feet to Curve S . 

The routing proceduie ib lllustr ited m Fig 7 and Table 3 Columns 2 to 4 
of the table cont im data on inflow rates and volumes corresponding to the 
lmliograph of Fig 6 Tlu first steps in the process are obscure because of 
file sin ill volumes of inflow involved, but the procedure is similar to that 
indicated b> the series 1, 2 3 (tig 7) pertaining to the thud step of the 
routing 
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TABLE 3 


Sample Flood-routing Computations 



(i) 

(2) 

(3) 

(4) 

(5) 

m 




Sum of Dis¬ 

Volume of 


Spillway 


Time 


charges at 

Inflow into 


Discharge 1 


from Be- Instantaneous 

Beginning 

Reservoir 

Reservoir 

Rale at 


ginning 

Rate of Inflow 

and End of 

during 

1 Elevation 

End of 


of Flood, 

| 

i 

8 

d 

•H 

Interval 

Interval, * in 

at End of 

Interval, 

Stop in hours 

(7), in c.f.s. 

(/i + 7s) 

acre-feet 

Interval 

in c.f.s. 

1 

12 

4,500 

4,500 

2,230 

430.5 

500 

2 

24 

12,500 

17,000 

- 8,440 

431.9 

2.000 

3 

36 

26,000 

38,500 

19,100 

434.4 

8,800 

4 

48 

60,000 

86,000 

42,650 

438.5 

23,800 

5 

60 

37,000 

07.000 

48,100 

441.2 

35,000 

6 

72 

25,500 

62,500 

31,000 

440.7 

33,000 

7 

84 

18,000 

43.500 

21,580 

439.5 

28,000 


* Average rate of inflow during interval — i(/i H- /a) (approximate). 


The 3G-lir increment of inflow (JO,]00 acre-ft) is laid off as abscissas 1-2 
from Curve B at Elov. 431 0, the dcvuliivn of water surface at the end of the 
second step, and a vertical line is drawn from 2 to an intersection with Curve 
E at 3, to obtain a reservoir elevation (434.4 ft) at the end of the third step 
or the 30th hour of the flood. The fourth increment of flow (42,030 acre-ft) 
is tJien laid off from Curve H as abscissas 4-5 anil a vertical line is again 
projected from 5 to 6 on Curve E to obtain the reservoir level (43S.5 ft) at 
the end of the fourth step or the 48th hour of Hie flood. In this manner the 
entire reservoir-^tage hydrograph tabulated in Col. 5 of Table 3 is computed 
The rates of outflow in Col. 0, corresiionding to varimia reservoir levels, are 
read from Curve Q. The results arc plotted in Fig. G. 
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CHAPTER 7 


INVESTIGATION OF SITES 

1. Scope. The investigations necessary for llie sites of the intake, con¬ 
duits, surge tank, ami jHiwerhouse an 1 of the same general nature as those 
required for dams. A thorough investigation to determine the most desirable 
location of each structure should premie the design and construction of the 
project * Of the structures apjmrtenanl to such a project, the dam is gen¬ 
erally the most important. Although the preliminary investigation of the 
whole project comes within the scope of this chapter, emphasis is placed on 
the local ion of the dam site. 

2. General. The investigation of a site usually requires: (a) topographic 
mapping, (6) geologic studios, (c) subsurface explorations, and (rf) investi¬ 
gation of available construction materials, such as earth and gravel and con¬ 
crete aggregates. 

3. Extent of Investigation. The advisable extent of such investigations 
depends in part on the magnitude of the project and in part on liovv obvious 
the surface and subsurface conditions are Thu* the amount of time and 
money devoted to investigation of a site where the enlire foundation consists 
of solid granite, water-worn and exposed to view, would probably lie much 
less than that required at a site in a valley having a dee]) accumulation of 
overburden on stralified and folded rock of unknown quality. Similarly, it i* 
seldom necessary 1o make as extensive* an investigation for a project having a 
low diversion dam as for one having a high earth or masonry dam. 

Occasionally the investigation of sites for hydroelectric projects has been 
overly thorough and expensive. On the other hand, it is frequently difficult 
to get an owner to allow a sufficiently thorough investigation prior to the 
design and constructum. Consequently trouble and excessive cost have often 
resulted from insufficient preliminary investigation. 

4. Reconnaissance. Serious examination should be preceded by consid¬ 
erable reconnaissance work and rough figuring. The engineer, when he 'jirst 
goes on the ground, should have some idea of the sort of site or sites for 
which he is looking, lie should know how much power is desired and have 
an open mind, ready to ado]it that type of development which liest fits the 
local conditions of topography, geology, and markel. The dam should lie 

♦Any proposed scheme for obtaining electrical power from fulling water is 
caller! a hydroelectric project herein. When completed, it becomes a hydro¬ 
electric development. 
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located os close to tbc turbines as possible, thus providing the maximum size 
of pond and Ihe shortest length of conduit. 

The reconnaissance should involve visiting all possible sites which are 
available for consideration, and gathering such information relative to Buch 
sites as is obtainable wuhout subsurface exploration. The best maps avail¬ 
able should be obtained. In many sections, the government topographic maps, 
made by the U. S. Geological Survey, are extremely useful to engineers on 
reconnaissance work. Aneroid barometers, hand levels, a metallic tape, and 
a camera are usually desirable equipment. A relatively brief oilice study with 
the data gntlicrcd in the reconnaissance will usually result in the elimination 
of all but a few of the sites. 

5. Preliminary Investigation. The preliminary investigation usually 
requires: 

(fl) A not too prprihp stadia silr survey with the resulting topographic site map 

(h) Some investigation of the overburden. 

(r) A few borings, sav from six to fifty, according to the magnitude of the proj¬ 
ect and the character of the foundation. 

(r/) A preliminary geologic investigation and report. 

(e) Investigation of aMiilablc construction materials, such 11 s earth and gravel 
and concrete aggregates. 

(/) The detnimuiation of public utilities which the project might affect, such a* 
roads, bridges, railroads, telrplume and telegraph lines, pipe hue*, and power 
plants. 

(y) In the relocation of the above funlilieh, a fuirly accuralc topographic map 
of the basin is essential. 

(/») Hydrologic studies. 

0) The checking of high-water marks and their use in determining spillway 
capacity requirements. 

O') Reservoir evaporation studios. 

The objective of the* preliminary investigation is to obtain only sufficiently 
precise data to permit office studies and estimates of cost of enough accuracy 
to determine the most economical and suitable site among the several selected 
by the reconnaissance survey. 

A consideration which, for storage dams, affects the choice of general loca¬ 
tion is the quantity of silt carried by the stream. Tn some streams this is 
enormous and may in the course or a few years lill the reservoir sufficiently 
to destroy its usefulness for storage. 

6. Final Investigation. After the preliminary investigations at the sev¬ 
eral sites have been made and office studies and estimates for each of Them 
completed, one of the several sites is selected for final, precise investigation. 
The site survey and the resulting topograpliie maps should be sufficiently 
nccumte and exact to serve all the purposes of construction. All necessary 
borings, tost pits, subsurface explorations, geologic studies, and tests on the 
materials in the foundation and in the proposed borrow pits will be made. 

As a result of the final investigation the engineer should have available all 
the pertinent data to proceed with the detailed designs of the structures and 
the making of a control estimate of cost for construction. 
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The line of demarkntion between preliminary and final inventiontion of a 
site is not sharp. One often blends into the other. The point is that in the 
early stapes of investigation, where several sites are involved, the amount of 
investigation should be limited to thal necessary to determine the relative 
merits of the sites, thus avoiding the possibility of making a precise and costly 
investigation only to find that subsurface conditions are such that the site 
will have to Ik? abandoned in favor of one of the alternative sites. 

The final investigations are usually supervised by the engineer who has 
conducted the preliminary examinations or arc at least conducted in accord¬ 
ance with his recommendations. The principal aims are: 

(«) To determine the rclu(i\c meiits of two nr more sites for the project in 
question so that a finul location can be adopted. 

(b) To determine the type of dam to be used. 

(r) To settle beyond a doubt, by subsurf ace investigations, the nature of the 
foundation as affecting the safety and cost of the dam and other si met ures. 

(r/) To fix the limit* of the lands to be controlled fur fhmugc, fur the sites of 
stmrtiucs, and for other ncrossary purposes. 

(e) To determine the extent and character of relocation of railroadb and public 
highways necessary on account of raising the water suiface. 

(/) To ascertain the character of the govrmmrnt regulations to be observed. 

{g) To obtain sufficient in forma lion for un nccunite estimate of cost. 

(i h ) To determine the final loeatiou of the dam, intake, conduits, surge tank, 
powerhouse, construction equipment, camps, cofferdams roic-truction highways, 
and railroads, as well us the probable source of materials of const ruction and all 
other information needtul to the ronMructing engineer. 

(f) To obtain all nerrssuiv inforni.ition affecting the design of the project. 

7. Choice of Location. In the choice of location several structures may 
be involved, such as the dam, intake, com lints, surge tank, and powerhouse, 
whieh are to be combined into a scheme for development. There is no easy 
answer as to the choice of location of appurtenant structure's for any particu¬ 
lar arrangement. The only sensible way is to make several alternative lay¬ 
outs and to adopt the oiip whieh appear* to be most economical. Sometime* 
the most desirable locution is perfectly apparent to an experienced engineer. 
Sometimes there is little opportunity for choice, and considerable investigation 
and study are required to determine which is the most economical location. 

Once the gcneiul location is chosen, the exact position of the appurtenant 
structures will be fixed after careful consideration of the following factors: 

(а) Requirement,* as to head, flow demand*, and storage capacity, 

(б) The character of 1 he foundation, particularly for the dam. 

(r) The topogruphv of the surface at the proposed location. 

(c I) Availability and character of const met ion materials. 

(r) The value of I lie necessary land* and waiter rights. 

(/) Arrangement and type of dam, intake, comluiis, surge* tank, powerhouse, 
and tailracc. 

(g) Transportation facilities and accessibility of the site. 

(h ) Availability of suilubJc sites for construction, equipment, anil camps. 

(0 The cost of the project, 
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8. Topographic Mapping. Ttqiogruiihir map* fur preliminary investiga- 
tioiiri arc produced either by rough stadia or plane* table methods, or by the 
application of aerial photography the last being the moht popular for large 
area.s and difficult, terrain. Aerial photograph* can very readily produce suf¬ 
ficiently large topographic limps showing feature* and condition* which can 
lie advantageously compared tor alternative site's. Tnjwigruphic maps from 
aerial photographs are made by Moro^opio restitution methods. The methods 
\arv depending upon the plotting equipment used and the accuracy and con¬ 
tour interval desired. 

For final iminstigations and layout*, more precise* topographic maps are 
required. Such maps are generally prepared from **tadia surveys. 

9. Geologic Investigations. For the limMigntion of dam sites and eon- 
dmt site- the employment of a geologist experienced in this work is e-sontrd. 
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VII good geologist* haw externc imaginations, and the engineer never cea«e^ 
to iii.niel at the completeness of the geologic report, which a geologist is often 
able to pieparc aftei a tew da\s ot scouting aiound a site. The data may not 
be M'iy precise but will be extremely helpful in indicating where the drilling 
h.id ln*st Ik* done. 

In tact it should be an invariable iidc ne\er to *tait n drilling program in 
work of importance without the ndxiec of an experienced geologist. Slides, 
faults, folds, sink holey dips, and ■'trikes may carry implications to a geologist 
which entirely c-cajie the engineer. For instance, a limestone which is inter- 
1 welded with strata of shale and which li«« not been subject to extensive frac¬ 
turing or faulting is much less likely to have extensive solution channels or 
raMties than one which ha* such fracture- and does not have the interbedding 
of shales. 

Some site's ba\e Iwen cxtcn*i\oly and expensively pro*i>ected with diamond 
drilling onlv to find unsatisfactory toundatioo condition*; whereas, if a good 
geologist had Iwen engaged beforehand, he could Inn e told the engineer in 
.uhancc approximately what lie would find and could have directed him to 
anoihcr site where prospects of success were more propitious. In the inter¬ 
pretation of the cores from the borings, the geologist can also lie of material 
assignee. Oil work of magnitude it is quite usual to utilize the «ervices of a 
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gwlogist throughout the period of investigation nml also to engage tlic services 
of a particularly experienced geologist as a consultant. 

As the work of subsurface exploration continues geologic sections at mul 
near the site are drawn up with ike kelp of Ike geologist. Such geologic sec¬ 
tions are very useful to the engineer in stuilyuig lus foundation problems and 
Ins grouting program. In Fig. I is shown a geologic section at the site of 
Conchas Dam, New Mexico. Geologic sections greatly facilitate the study of 
foundation conditions. They should never be used as information for bidders 
or as a part of llie contract plans for the reason that they necessarily involve 
the use of imagination, and the ctigiuccr may thus lay himself open to the 
charge of misrepresentation. Only the cores of the borings themselves nml 
the carefully interpreted log of the holes should be utilized as information 
for bidders. 

10. Subsurface Exploration. Extensive subsurface explorations an 1 usu¬ 
ally necessary in order to aid the geologist and the project engineer to deter¬ 
mine foundation conditions and to investigate available eun<tructum materials. 
Jly far the most satisfactory way to explore the underground is to dig test 
pits, shafts, and tunnels. Gel down there, examine llie material, take samples, 
and tc.st them. Ordinarily, if such method** were depended on exclusively, 
the cost of thorough subsurface exploration would frequently be prohibitive. 
Consequently it is necessary to rely on methods which are supplementary oi 
alternative, such a< electrical prospecting, seismic exploration, and boring* 
of various kinds. 

11. Electrical Resistivity and Seismic Methods of Prospecting. In 

some crimes the engineer is not greatly interested in the nature of the over¬ 
burden above the ledge. What he waul* to know is how far it is to rock and 
what, the character of the rock is when it lias l>con reached. Til such case*, 
after n few widely scattered boreholes have been placed to serve as a lmsi* 
for reference, cither the electrical or seis'inic method of prospecting nun be 
used to advantage. Anvone who thinks thal these methods can take the place 
of diamond drilling may receive a bitter disappointment. 

The methods are supplement ary and can be used to develop general surface 
features of the ledge and thu^ indicate where it is advisable to plan* additional 
holes through the overburden and diamond-drill holes into the rock. Tf n<ed 
in this manner, with a full understanding of their limitations, they may lead 
lnjtk to a material economy in the co>t of subsurface exploration and a letter 
knowledge of subsurface condition**. 

The electrical-reMsIivity method is dependent on the difference in eondiie- 
tivity of the water contained in the ledge nick. The seismic method requires 
the measurement of the rates of propagation of waves caused bv explosions 
and is dependent on the difference in the elastic properties of the ledge rock 
and the overburden. Both these methods necessitate trained and experienced 
personnel. For most engineers interested in foundation work it is sufficient 
to know the conditions under which the methods might 1 h» useful. Then, if 
the engineer decides that one or both of these methods would l>c useful to 
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him, ho should engage a specialist to make the exploration. Under some con¬ 
ditions one method is superior to the other, and consequently there is an 
advantage in engaging a specialist who is familiar with both methods. 

12. Wash Borings. Wash boring and cliurn drilling are inexpensive 
methods of getting through the overburden, but they should not be depended 
on for showing the character of materiul passed through. 

In wash boring a small pipe is used on the inside of a larger pipe or rasing. 
At the end of the inside pi]K* is a nozzle, sometimes with a chopping bit. 
Water under pressure is admitted to the inside pipe and jiggled up and 
down, with the result that a mixture of water and material is discharged over 
the rim of Ihc casing. Thi* loosens the casing at the lower end, and the casing 
is then driven down a liltle farther, usually by a weight operated from a tri¬ 
pod. The down-driving i« continued, with ledge roek as the desired depth 
to be reached. 

By catching the mixture of water and material as it comes out of the casing, 
one may obtain sample- of a portion of the material passed through which is 
both disturbed and washed. By carefully watching the wash water all the 
time one can mji net imps get n fair idea of whether he is passing through wind 
and gravel, sand, or sand with silt and day, etc. All in all, wadi boring ie 
iiMially the rlieajKst way to get through the overburden; it is the poorest 
way to learn an> thing very delimte alioiit the clmructi r of the overburden. 

13. Churn Drilling. In churn drilling, a barrel or spoon is utilized inside 
the out pi casing. The ^pnon or barrel i" of limited length, anil the method, 
instead of using a siipeiabundance of water, as in wash boring, uses only a 
rolaliveb small amount of water in the ca-ing. Sometimes the required water 
is furnished entirely by the natural water in the underground. The barrel or 
*»poon has a flap valve or tail valve at or near its lower end, arranged so that 
material may enter the barrel but cannot get out. A chopping bit of varied 
design is usually placed below the enlrauee to the barrel. Tile barrel and 
chopping lut are then jiggled up anil down bv means of a rape or cable 
attached to their upper end and the material is thus forced into the barrel. 
The casing is pounded down as the operation ol the spoon continues. When 
the barrel b nearly full, it is removed and the material inside it dumped out. 
Most of the material parsed through is present in the sample, bill it is mixed 
up, partly segregated, washed, and ju-t about as far as possible from being 
in its natural condition. A ]K>w or-operat ed earth auger is also provided with 
some dnlling rigs it usually afford* an inexpensive way of obtaining disturbed 
samples of the overburden. 

The above is the usual well-drilling method. Rv the nee of heavy equip¬ 
ment and special chopping bits, the method has been developed for jMmetrat- 
ing even relatively hard ledge roek. Both wash-boring and churn-drilling 
methods permit hiking drive samples at intervals. 

An inexiMMi^ve method of subsurface investigation of overburden is fur¬ 
nished by the use of lmnd-operated earth augers (“Iwan" and other types). 
Samples are disturbed, but the method may answer for most of the samples 
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if one in investigating a Ikmtow pit, for instance. Depths of 20 to 40 ft may 
be reached in some soils by this method. 

14. Rotary Drilling through Overburden. Rotary core drilling is 
similar in principle to diamond drilling. Using some form of hardened-steel 
core hit with cutting edge, the driller may put down exploratory holes through 
some firm clays and compact sands and silts without casing the hole and may 
obtain a core of the materia]. Drilling fluid, consisting of a rather thick mud 
formed from fine clay or bentonite, is kept in the hole, and the rotating bit 
presses it into the walls of the hole, thus giving the walls sufficient strength 
to stand up. The core is also smeared with the drilling fluid, but the impreg¬ 
nation is usually slight. The writer has seen "ompact sand cores obtained 
in this manner in which the drilling fluid impregnated less than Vie in. into 
the sample. The method was developed in the oil fields but lias also l>cen 
used quite successfully in exploration work in materials such as those deacnlied 
above. If diamond drilling is to continue after rock is reached, the hole 
through the overburden is ca-sed before the diamond drilling is started, as 
usually the walls cannot be relied on to stand up indefinitely. The use of 
the rotary drilling rigs for the exploration of overburden material has its 
limitations. 

In very stiff clays the rotary drill is often useful. Excellent undisturbed 
samples of Trinity wind, a fine dense sand whose void ratio may be as low 
us 0.21, were obtained at the site of the Denison Dam, Texas and Oklahoma. 
The method is not sueeessliil fur sampling coarse sands and gravels. 

16. Undisturbed Sampling of Overburden. In order that the rliar- 
arter, strength, and permeability of the overburden may he determined, it is 
necessary to obtain undisturlied samples of the material and put them 
through a series of tests m the laboratory. Such tests on undisturbed samples 
are particularly necessary for clays, silts, and very fine sands. It is usually 
of less importance to make lestf* of undisturbed samples of coarse sands and 
gravels because their stability or shear strength is usually adequate and per¬ 
meability may usually l>e determined within the necessary range of accuracy 
by making tests on disiurlied samples at approximately the same density as 
the material possessed before disturbance (see Chapter 16). 

Test pits furnish one of the best means of obtaining samples which are for 
all practical purposes uni list m bed. The only disadvantage is the expense oi 
excavating at depth. At shallow depths, say 6 or 6 ft, the test-pit method 
is as cheap as any other. For the cost of one di^ep test pit, say 00 ft, how¬ 
ever, one could take a large nunilier of undisturlied or nearly undisturbed 
samples bj T drilling and driving methods. 

To tnke an undisturlied sample of clay in a test pit, a small area in the 
bottom is carefully leveled off. Then the four aides of the sample, usually 
approximately 8 by 12 in., are carefully cut or carved and the surrounding 
material is removed. The five sides of the sample are then paraffined and 
wrapped with two or three thicknesses of cheesecloth ns the paraffin is applied. 
Then when all is ready the container is fitted over the top of the specimen 
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and a sharp spade severs the specimen from its pedestal. The sample is 
turned over, and its top. which is the bottom in its natural position, is paraf¬ 
fined and covered with fabric. The packing is now completed, and the con¬ 
tainer is labeled. The sfiecimen is ready to go to the laboratory and may, if 
necessary, be stored for a considerable period of time before tests are made. 

16. Diamond Drilling. For drilling exploratory holes in ledge rock the 
diamond core drill is almost invariubly the most suitable tool. A core of the 
strata passed through is obtained which may be studied by the geologist and 
the engineer so that a true picture of 
the foumlntion, including the presence 
ol faults, seams, cavities, and changes 
in the quality of the rock, may be 
secured. 

Tbe diamond drill its rotated by 
moan* of a gasoline, strum, or Diesel 
engine or an electric or air niotoi. At 
the head of the drilling machine in a 
screw feed or hydraulic feed for main¬ 
taining just the desired amount ol 
pressure on the drill rods. There ip 
also a hoist for raising and lowering 
the drill rods, and a tripod i* usualh 
set up over the hole to facilitate this. 

The drill rods are of special, heavy 
construction with flush joints. 

The rutting edge, as shown in Fig. 2, is a steel ring set with black diamonds 
commonly called ‘'carbon," or with an impure crystalline form of diamond 
known as “liort." Above the ring, or diamond bit as it is commonly railed, 
is a core barrel into which the core passes a-* the bit cuts down into the rock. 
At the bottom of the core barrel is a split-ring spring core lifter, by means of 
which, when the column of drill rods, core barrel, and bit arc lifted out, the 
core will lx* caught and retained. When the assembly is in artion, water is 
pumped down on the inside of the drill rods to keep the diamond bit cool 
and to carry the rock cutting* up on the outside of the drill rods. When a 
double core barrel is used, the inner tube of the core barrel fits down over 
the eorc, and its upper end is plugged so that water from the inside of the drill 
rods passes down Iwtwccn the inner and outer tul>es of the core barrel nnd 
does not touch the core at all except at the cutting edge of the bit. This is 
because it has lieen found that the mere presence of water under high pres¬ 
sure tends to destroy the cores of the softer rock. It is good practice to use 
the double tube core barrel in exploratory work in all except the very hardest 
and most massive rocks us higher percentages of recovery are thereby pro- 
moled. 

17. Importance of Accurate Boring Data. The importance of accurate 
boring ilata is indicated by the following incident. Some exploratory work 
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for a tunnel showed the strata to consist of hard quartzite intcrbeddcd with 
a soft greasy shale. In the diamond drilling an “EX” bit (about the smallest 
commercial size) was used, giving a core of about % in. in diameter. A single 
core barrel was used. As a result, the soft greasy shale was almost entirely 
ground up and washed away so that only the quartzite was recovered. The 
cores were placed in boxes without spacers to indicate the missing strata. 
The actual recovery was approximately 65%, but practically all the quartzite 
was recovered. 

The contract drawings followed the apparent indications of the core boxes 
and showed massive and continuous quartzite. The core boxes and the draw¬ 
ings mentioned constituted the information uviilablo to bidders. 

The information was grossly misleading, mid the sucressful bidder eventu¬ 
ally recovered a sulwstantial sum representing the additional co«*t of driving a 
tunnel through the difficult formation encountered over what it would have 
U'en with sound firm rock, which the information available led him to expect. 

Many incidents similar to the above, where misleading data relative to 
exploration work have resulted in costly extras, might he cited. They empha¬ 
size the importance of thorough exploratory work, properly interpreted 
However, the main reason for sparing no pains to obtain as true a picture of 
subsurface conditions as practicable is that only in that way can the engineer 
design his structures with a durance of both safety and economy. 

A high percentage of recovery is greatly to be desired, a- it decreases the 
amount of guessing which is necessary. If the total length of core recovered 
equals the depth of the hole in tlie rock, the recovery e- said to be 100%. In 
many rocks, by the use of projjer method* and equipment with proper diam¬ 
eter of bit, 100% recovery is not only possible but is frequently approached 
In actual practice, SO to 00% recovery is quite common. 

Cores should lx* kepi in suitable core boxes and properly labeled and de- 
scrilied in every respect. They should lie at least 2% in. in diameter. Smaller 
cores are misleading anil worthless. 

18. Large Drill Holes. In the exjiloration of a dam silt* it has liecomc 
rather common practice to put down one or more ,'iO- to 36-in.-diameter holes 
generally drilled by shot drilling methods. These holes have the very great 
advantage that they leave no doubt at all about the character of the rock 
passed through The engineer or geologist can have hunself lowered In the 
bottom of the bole in a boatswain's elmir or m a cage operated from a hois! 
and can study every inch of the walls. A true picture of all the shala passed 
through is thus obtained. The only objection to these holes is their eewt, 
which is usually $40 to $70 per ft, or 15 to 40 times as much as ordinary 
diamond-drill holes. In tunnel exploration, however, they are a satisfactory 
and economical sulratitute for a shall in ledge rock. 

19. Rough Methods of Determining Suitability of Materials. When 
one is making a reconnaissance investigation of a proposed site, the facilities 
of a well-equipped lalmratory are often not readily available. Nevertheless 
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it is necessary by a process of elimination to select the most promising loca¬ 
tions for the structures, borrow pits, or quarries before adopting intensive 
methods of investigation. By observation and very simple rough tests, it is 
practicable 1o determine in an approximate and tentative manner the suit¬ 
ability of material for a concrete dum, a rolled fill dam, or a hydraulic fill 
dam, as well as for other structures. 

If, in looking for a quarry site for concrete aggregate or riprap, one finds an 
exposed cliff where the rock is hard and firm and does not tend to break into 
thin laminations when pounded with the hammer, and there is no evidence of 
easy weathering, the indicationH are favorable for a rock suitable for concrete 
aggregate and for riprap, and further investigations and tests should l>e made. 

If the sand and gravel is well graded and appears to be largely quartz or 
fragments of hard igneous or met amorphic rock it is probably suitable for 
concrete aggregate, although if dirty it will have to lie washed. Chert (amor¬ 
phous quurtz) is not necessarily objectionable provided it is hard. 

Such sand anil gravel would also lx* suitable for the pervious jiortion of an 
earth dam provided they did not contain too much very fine material. 

If sand and gravel, when dropped info a bucket of water and sloshed 
around, leave the water very muddy, the material will probably have to be 
washed before it will be suitable for concrete aggregate. 

If a cohesive lioi row-pit material intended for the impervious portion of an 
earth dam is taken in the hands, kneaded, aud then rolled out to a diameter 
about that of an ordinary jieiicil and shows up just slightly crumbly, then the 
moisture eontenl is not too great to prevent projier compacting by means of 
suitable equipment. The above is merely the rough form of the plastic limit 
tent. It is usually easy to add water to such material if the material is not 
sufficiently moist, but too high a moisture content in such material may be 
serious. 

If the material consists of sand and gravel with sufficient clay or rock flour 
to make it sticky when wet, and il when packed and dished it holds water for a 
long time, it will lx* suitable for the impervious portiou of a rolled fill dam. 

Practically all sandy and gravelly materials are suitable for hydraulic fill 
dams provided only that flit* fine material included does not contaiu too murh 
colloidal material. 

A powerful field microscojie is useful in helping to determine in a qualita¬ 
tive manner the suitability of some materials. Such microscopes, having a 
magnifying power of 200 diameters or more, are now obtainable. They are 
made to collapse into a small container readily carried in the pocket. At 
*200 diameters a particle of rock flour having u diameter of O.OOfi mm looks 
like a sizable rock. Particles which at this magnification look gluey and have 
no definite crystalline form are probably largely colloidal and have diameters 
of less than 0.002 nun. 

By rough field testa and observations, such as the alwve, an ex])erienced 
engineer can usually determine m a tentative manner the suitability of the 
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avnliable material**. As the choice of materials and sites narrows down, 
lalioratory tests should be applied more intensively. 
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CHAPTER 8 


HYDRAULICS 

1. Plow through Orifices and Short Tubes. Typical examples of 
orifices and short tulx j s are gnen in Fig 1 A knowledge of the laws of the 
How ot water through them ib necessary in detci mining the discharge through 
sluiceways and the cut ranter to conduits If the entrance is not properly 
shajicd, a eon traction ol the jet occurs as in Sketch 0 ** a, f, and h and the arcu 
ol the jet is not as great as the aioi of the orifice or tulie Foi pruperlj 
rounded approaches to orihceb, as in Sketches b and e, and in the constant- 
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dumeter short tubes shown in Sketches rf, f, and g , the diameter of the jet 
is equil to llu sin of the onfico or tulie III Ihe rise of short lube's without 
loundod cntiinccs, the contraction does occur, but tbe jet expmds again* 
.is indicated, a partial vieuum occurring just inside the entianre. 

1 jet H = the head of water in feet cm the center line ol n freely flowing orifice 
or tube, or the difference in water level for n submerged onfiee or 
tube, 

a = the aiei in square feet of the untiro oi tube, 
r - the theoretical veloeitv in feet \tn second correb|joncling to head 7/- 
g = the acceleration of gravity = 32 2 ft j)er second |>er second; 

Q =■ the disi Iriige in cubic feet j>cr second; 
f" = the coefficient of contraction, or ratio of the area of tbe jet to the 
urea of tbe onfiee or tube; 

C ss the coefficient oi f net ion; 

C =■ the coefficient ot discharge. 

*Tlilh reibun exceptions ns explained later 
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The general equation for the velocity of apoutiug water ifl 

v - y/2gH [1] 

Considering friction, the actual velocity due to head II in 


The discharge is equal to the product of the actual velocity and the area of 
the jet, or, since the area of the jet is C”a t 

Q = vC"a 

or _ 

Q = C'('"a\/2gll 

In experiments conducted to delcrniine the discharge through oriffices and 
tubes, the coefficient of friction, and the coefficient of contraction, C ", are 
combined, and the general equation for disci large is 

Q = CnV'igU [2] 

The value of the coefficient of discharge, C , varies with the sliajic of Ihe 
orifice or tube. Average experimental values of the coefficient of discharge, 
C 3 for use in Eq. 2, for several types of orifices and tulies are given in 
Table 1 * These orifices and tubes are circular unless otherwise described. 
According to Hovey and other authorities on orifices in thin plates (Fig. la), 
the value of C for circular orifices is about 2^ less than for square orifices; 
from 3 to 4% less than for rectangular orifices with a ratio of length to 
height of 4; and from 5 to 7 f /r less than for ioctangular orifices with a ratio 
of length to height of 10. A similar relation probably exists for tubes with 
square-cornered entrances. 

The coefficient C is not greatly affected by submergence. 

Coefficients for shorl tubes apph only to heads less than about 40 ft. 
For higher heads the expansion previously explained does not ocmir and the 
coefficients C approach those for orifices of similar lype. 

The expansion of the jet within the* short tubes will not oecur if they are 
not submerged and if sufficient friction is lacking In other words, tli« jet, 
after contracting, will shoot through the tube without touching its sides, 
if under a high head; and even if the trajectory is such that the jet strikes tin* 
bottom of the tube, the expansion will not occur if the friction along the 
bottom if* insufficient. 

The slia]>e of the jet from a sharp-cornered round orifiee (Fig 1«) between 
the orifice and the vena contrarta . or seel ion at which the area of the jet 
becomes constant, is indicated in Fig. 2+ and should be used for rounded 
entrances as in Fig. le. 

* Head large in comparison willi siasr of orifice or Lul»e. See later discussion 

tA. H. Gibson after Wcwbach. 
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TABLE 1 

Coefficients of Discharge, through Orifices and Tubbs fob Eq, 2. 
Circular Except as Noted 


Figure Tyin* 

Coefficient C 

In. Orifice in thin plale 

0.60 

lb. Bell-mouth orifice (Fig. 2) 
lr. Inwardly projecting orifice 

Id. Short tubes with sJiarp-curnered enhances,* 

0.97 

0.50 

Values of L/D 


0 

0.60 

0 25 

0.63 

0 50 

0.67 

0.75 

0.72 

1.00 

0.76 

1.50 

0.79 

2.50 

0.80 

3.50 

0.80 

lr. Short tube with liell-mmith entrance (Fig. 2) 

0.97 

lr. Mhoit tulie with rounded en Ini nee 

0.90 

If. Inwardly projecting tube with sharp-cornered entrance 
\g. Inclined short tube with sluirp-comei ed enhance,! 

0.72 toO.80 

Values of a 


00° 

0.82 

80‘ 

0.80 

70° 

0.78 

60° 

0.76 

50 n 

0.75 

40° 

0.73 

30 

0.72 

1 h. Convergent short tulie,} sharp-cornered enhance 


Values of 4> 


U u 

0.82 

5.75’ 

0.94 

11 25° 

0.92 

22 50° 

0.85 

Ih. Round-cornered eiil ranee 


Values of 0 


0° 

0.07 

5.75° 

0.95 

11.25° 

0.92 

22.50° 

0.88 

45.00° 

0.75 


•From experiments by Rngers and Smith on submerged tubes, Eng. News , Vol. 
7«, p. 827, 1016. The ^efficient for L/D of 2.5 and greater has been found by other 
experimenters to In* 0.82. 
t Aeeonling to Weisbarh. 
t H. W. King after Unwin. 
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The coefficients in Table 1 have been obtained from experiments under 
ideal conditions. As an indication of the smaller discharge coefficients ob¬ 
tained for practical cases, Fig. 3 gives the results of Stewart’s experiments [12] 
on the discharge through 4.0-ft-square submerged sluices of different types. 



Fig. 2. Bell-mouth entrance. 

The minimum value of C for each set of experiments is shown. The forms 
of the entrances to the sluices are given below and are shown in Fig. 4. 

Scries A, square entrance; 

Series a, contraction suppressed on bottom; 

Series 6, contraction suppressed oil bottom and one side; 


.. ■■ 
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PHHHHHHHHHHHIHEss emm 

ImummmmmmmwM iimpttmmKttmnmmmmBEmmmmm 


iBBBBBBBBBBBBBg^BBBBi 

|bbbbiibbbbibfj£bbbm 


igilBBriP'Ji IBBIBBII II ill 

B m ^iBBBByirBBBBBBBBBBBBBBBlBBBgiliH 
^■■^■■■^JiBBBBBBBBBBBBBBBBBBiBBBBC 
iBBBB^iR^BBBflBBBflBBflBBBiBBiflBHBBBBB 
iBBBBB^^riBBBBBBBBBBBBBBBBBBBBBflBBBBb 
■BflBBPiriFBBBBBBBBBBBBBBBBBBBBBBBIf ~ 

VgBBBK^BBBBiBBBBBBBBBBBBBBBBBBB^^^I 
||BiB^BBBBBBBBBiBBBBiBaiBBBBBBB^^^| 


UBB^yBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBC 
|B^flBflBflBBBBBBBBfliBBBBBBBaBglBBBMa 
l&BUB»flBBBBBBBBBBBBBBBBBBBBHBBBg^H 
liKgiiiHBBiBBBBBBBBBBBgBBBBflBBgHi^H 


Ratio, R t of length of tube to side of 4.0 ft square opening 

Fio. 3. Minimum coefficient of discharge, C, and corresponding coefficients, K, 
from Stewart's experiments. 

Series c, contraction suppressed on Iwttom and two sides; 

Series d, contraction suppressed on bottom, two sides, and top. 

The experiments covered heads ranging from 0.05 to 0.30 ft. It wag 
found that the coefficient C was least for heads of 0.15 ft, and these losses 
are the ones indicated in Fig. 3. 
















FLOW THROUGH ORIFICES AND SHORT TUBES 00 

In those experiments, Series A corresponds to Item Id of Tnhle 1, in which 
the coefficient C varied from 0.60 to 0.80 as compared with Rtewart’s coeffi¬ 
cients of 0.60 to 0784, winch is a reasonably close agreement; but Series d 
corresponds to Item le of Table 1, in which C is given as 0.97, as compared 
with Stewart's variation of 0.92T* to 0882. In the latter case, however, the 
considerably lower values of Stewart's coefficient were probably caused in 
part by an imperfect mouthpiece. 

Velocity of Approach . If the velocity in the channel of approach were 
uniform, the actual head on the orifice or lulie would in reality be the meas¬ 
ured head plus the head corresponding 
to the velocity of approach. The ve¬ 
locity of approach, howevei, is not 
uniform through any seel ion of the 
channel, being los^ than the average 
at the sides and bottom The velocity Ftc 4 Stewart's sluice, series b 

directly opposite the orifice is there- lowing coni i action suppressed on 

fore greater than the average, and the bottom and one side), 

effective head on the orifice is the measured head phis a head somewhat 
grenter than that rorros]H)iulinE to the veh>cit\ of approach. 

Equation 2, corrected for velocity of approach, mav lie written 



Q = Cayjig (// + 0 = ('ay/MH + jih,) [3] 

where v is the average veloc ity of approach, h t the head corresponding to this 
velocity, and P a coefficient winch must lie determined experimentally. Un- 
fnitiinatcly, P is not well known foi many 1>pos of orifice* and may van’ 
between 1.0 and 2 0, depending on the location and relative size of the 
orifice. 

Rectangular Orifices and Tubes under Jmc Head . Tf the area of the freely 
flowing oidice or lulie large* in comparison with the head, the equation for 
discharge should be written as follows: 


< 3 = 


W 


where //, and H 2 are the heads on the bottom and top of the orifice, re¬ 
spect i\ely. 

It the orifice is completely submerged, the head is the difference in level 
lictween the upi>er anil lower water surfaces, ami Eq. 2 applies. 

II m Eq 4 the* top of the orifice is at the water surface, H« - 0 and the 
equation reduces to 

Q =■' 2 j C V2gH h 


This is the basic theoretical equation for discharge over weirs. 


15] 
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Gibson say? that Eq. 2 ran l>e used with an error not greater than 1.0% if 
the head on the top of the freely flowing orifice is greater than twice the 1 
height of the onflre. 

2. Discharge through Sluice Gates. Sluice gates are made in a variety 
of forms. Many types of sluices, controlled by sluice gates, are in reality 
short, conduits in which skin friction is a large percentage of the total loss. 
A discussion of the losses through conduits is given later. If the sluice is 
short, the discharge can be considered as that through a short tube (Figs. 
Id to 1A, inclusive), or, if the sluice gate is in a thm wall (Figs. In to 
1c, inclusive), the discharge can be obtained Jrom Eqs. 2 or 3 with the proper 
coefficient of discharge selected from Table 1 or Fig. 3, according to the 
i lot ails of the sluice-gate opening as explained in Section 1. 

3. Loss of Head in Conduits. The loss of head in conduits can be divided 
into two general groups: 

(а) Eddy losses, wiiich are caused by sudden changes in the dirretion of 
flow, as at bends, branches, etc., or by sudden changes in velocity due to 
sudden changes in area as at the entrance, sudden enlargements, valves, etc. 

(б) Skin friction in straight, uniform conduits. 

4. Eddy Losses in Conduits. It is convenient to measure eddy losses in 
terms of the velocity head of the flowing water. The velocity head, or head 
required to produce a given velocity, can lie obtained by transposing Eq. 1 
of Section 1: 


Velocity head = h p 


r 2 
2 g 


M 


Then h fl the head lo*<t at any point in the conduit due to eddies, is 




Eddy loss = hj = Kh P - K t 


4 / 


where K is the coefficient of eddy loss and u is the velocity in the smaller 
section unless otherwise defined. 

5. Losses at Conduit Entrances. A discussion of the flow through short 
tubes and allures is gnen in Section 1, and the coefficients oi discharge ( for 
several tyixw of entrances are indicated. There is a direct relation Mwoen 
the coefficient of dischaige for short tubes and the coefficient of #, dd> loss, K 
(Eq. 7), winch can be derived as follows: 

A drop in pressure or head at the entrance to a conduit is required for two 
purposes: 

(<i) Velocity head to provide the necessary velocity; 

(6) Head to overcome friction due to eddies. 

Or, 
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i + fQ 


II 

Also from Kq. 2, 

11 

Combining, wo have, 


(P 

*•" + *> 

2®a* ' 0* 



1 


[ 8 ] 


Tho loss of head in short 1 iibei* wherr thero is no residual contraption of the 
jot, as in Figb. ]f/, le, 1/, and \q and in tho sluices used in Stewart’s cxfieri- 
ments given in Section 1, mav l)e assumed to be the name for similar en¬ 
trances to closed conduits; and \allies of K derived from the experimental 
\ iiluob of (' of Section 1 are given IxOow. 


TABLE 2 


Coefficients of Eiidi Loss for Eg. 7 


Figure Type 

Coefficient K 

M. 

Short tutie with sharp-rnmerod entrance 

0.56 

if 

Hhcn 1 tulie with iminded entrance 

0.60 

v. 

Inwardly projecting lulie with shaip-rorncrcd entrance * 

0.56 to 0.03 


Inclined tube with sharp-cornered cuiiancc 



a - tX)° 

0.40 


« = K0 U 

0.56 


a - 70° 

0.65 


a - 00° 

0.73 


a - Mi¬ 

0.78 


tt * 40° 

0.88 


« = 30° 

0.03 


* Dejicnding on dibl&ncc of projection. 

Valuer of K for the Juices used in Stewarts experiments, which arc also 
applicable to losses at entrances ot biiuilar type, are given in Fig. 3 and dis¬ 
cussed in Section 1. 

6. Losses at Conduit Intakes. Losses at the intake rnrkh are usually 
very small Ikmmuso the velocity must l>e low to facilitate raking. For clear 
rucks, a safe approximate value of K for use in Eq. 7 can be ohtuined from 
ihe following equation: 

A’ * 1.45 - 0.457? - IP [0] 

where 7? is the ratio of net to gross area of racks and supports, and v in Eq. 
7 ib the vclnciH in the net area of racks and supports. For a usual value 
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of R — 0.05 the resulting value of K in 0.74, and for a usual velocity of 2.5 ft 
per second in the not area, the loss is 0.072 ft. However, allowance should 
be made for iinrlud rlosure of the racks with trash. Twenty-five to fifty per 
cent of the area of hand-raked racks is frequently obstructed m practical 
operation where the amount of debris m the water is considerable. Tliis 
would mciease the loss in the above example 0.13 to 0.29 ft. 

The head losses m well-designed intakes, with the exception ot the loss at 
the racks and gates, are usually negligible, as changes in area arc gradual. 

Losses at the head gates correspond to the losses previously given for con¬ 
duit entrances, the worst practical condition being that in which the gute is 
at the head of an enlrance similar to the one indirntcd m Fig. id. Usually, 
however, it is possible to provide economically a flare at the upper end of 
the intake, so as to produce a gradually increasing velocity between the racks 
and the gates, with sides unci bottom of the intake nearly flush with the gate 
oiiemng. In such cases there is a decided eddy only at the top of the gute, 
and the coefficient K is no greater than about 0.5 m Eq. 7, where v is the 
velocity through the gate. 

The giaduul increase m velocity between the gate and the normal section 
of the eoiuluit is made without appreciable loss. 

Intakes to open flumes vary greatly in U i>e according to the conditions 
to lie met and the ideas of the designer. Losses in well-designed o]>cii flume 
intakes are usually negligible. 

For data on looses in intakes see Refs. 3 and 12 of Section 19. 

7. Losses at Conduit Bends. In the present discussion, values of K 
for use in Eq 7 m deriving the losses in bends of com in its are such as to 



1 2 3 4 I 6 7 IBID 20 30 40 50 

Ratio of Radius of Band to Diamatar of Pipa 

Fn. 5 Experimental values of friction coefficient in 90 c pipe bends. 

give the loss in excess of that which would occur in a straight pipe of equal 
length. In other words, normal skin friction w not included. 

An effort lias been made in Fig. 5 to show the conclusions of a number of 
exjwrinicnters regarding the value of K for WVdogroc fiends in closed con¬ 
duits. The result shows an extreme lack of agreement, whieli leads to the 
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conclusion that the loss is not independent of the kind of pipe* used in the 
test. The following discussion would seem to substantiate this conclusion. 

The loss of head in bends in excess of that in a straight pipe of equal 
length is probably caused by two predominating conditions: namely, in- 
creased skin friction ami eddy losses. 

Investigations »ccm to indicate that, owing to centrifugal force, the flow 
must adjust itxelf in the bend to a greater ratio of maximum to avcrAgc 
velocity. As hkm friction varies approximately as the square of the velocity, 



Fiu 6. Mend coefficients found by various investigators (K. H. Reij. “Pressure 
Losses for Fluid Flow in 1K) B Pipe Mends, r Natl. Bur. Stamlauh RcMtnch Paper 
HP 1110, July 1938, p. 10.) 

the skin friction would nalurally be greater than in a straight conduit, and 
hence this loss is dependent on the 1 length of the bend and the type of 
conduit. 

Eddy losses are caused by an adjustment of the stream lines at the entrance 
and at the exit of the bend. TW losses are probably independent of the 

length of the bend. , . 

Experiments for closed conduits have tended to show that bemls with a 
ratio of radius of bend to diameter of conduit equal to about 5 correspond 
to the minimum loss in the Ix-nd, ami hence to the minimum value of K, as 

indicated ill Fig. 6. _ ... . , 

This bend ratio of 5 may be the critical value where the eddies caused by 

the adjustment of stream lines at the entrance to the bend are somewhat 
smoothed out by overlapping the eddies caused by the adjustment of stream 
lines al the exit of the l>end. In other words, it i« conceivable that the eddies 
at, entrance and exit could tend to synchronize or partially counteract each 
other for a licnd ratio of a certain value. 
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Although experimental data are meager, the results, as presented in Fig. 6, 
indicate two flow regimes in 00-degree conduit bends. For very sharp bends, 
the coefficient decreases rapidly to a minimum at the critical bend ratio of 
alamt 5. As the bend ratio is still further increased, the coefficient depends 
not only on the flow, the l>end ratio, and the roughness of the conduit, but 
also on some sort ot instability, ns shown b\ the wide range of results. 

Figure 7 gncb recommended \ allies of K lor 90-dcgrcc liends in closed 
conduits, based on available data. The curve lepresenting safe values is 
an enveloping cuive tor all experiments, and the curve representing probable 



I 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

Ratio of radius of bend to diameter of conduit 
Fit* 7 Recommended \ allies r»f K fltn 00° binds m closed conduits 


values is the mean of the experiments Flit a pci cent should be added to the 
values of K from Fig 7 for snewed pqie elbows on account of the sudden 
enlargement and contraction in such fittings 

It is recommended that values of K tor lands othei than 90 degrees be 
taken from Fig. 8. 

Few r cxjieimienls have lieen made on the losses m 1 tends of opci conduits 
Fortunately, sharp bends in oi>oii conduits aie not usuallv required Engi¬ 
neers sometimes allow for loss at bends of open conduits b> adjusting the 
coefficient, w, of the flow equation Frequently a coefficient is given lor a 
straight open conduit and another coefficient for the same Ivpe of conduit 
“with moderate cun aline” or some other equally indefinite description. The 
authors claim that an allowance for bends should not be made in the flow 
coefficient, n, but that the slo]>c for si might almemcnl should Ih» determined 
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fust, and ineic iseil slopes provided it bend* corresponding to the best judg¬ 
ment regirding Ihe idditiond losses it the bends The few experiments 
nude seem to indie itc thit the loss due to bencls in open conduits is much 
less thin that for closed conduits, snd \ dues cqud to one half of those in 
Fig 7 sic recommended The lulhors hi\c com])tied such values uitli 
experiment d diti ind lme found them to ague \ery closel> when one half 
tlu ‘piobible cunt v due ib used 



50 100 150 

Degree of bend 

1 Sm p 10M of Rrf 5 of Suhnn 1*1 
i* Sic | 1042 of Jb f r > of St i Him l<) 

1 ji S \ ilui of A foi \ moils ill pu 
Ik nils in turns ol A lot 90“ bind* 


^— K-l S 


lie 9 Hcrom- 
im ndi d snfe \ dues 
nt A tm unset 1- 
1 mums httnigb 


For lexisi bends in both open ind closed conduits the loss is pioliably 
someuhit gic iter thin d the tun liemls uerc scpmled bv i considerible 
length of «*ti light pipe but thi unemnt of smh loss hu not been dcteimined 
He commended site i dues of A tor miscell meous fittings sic given in 
fig 0 Ihese \ dues uc loi ill thi flow in onr diiection For uniting oi 
eli\uling flow in su<h fittings tlu rc iilcr mu consult RcT 6 of Section IQ 
8. Losses at Conduit Valves The \ tluc of A ten use m Eij 7 for vude- 
ojun gite t d\es is piobibh less flnu 0 1, dthough feu experiments hs\e beu»n 
reposed 

I)oVs exiKiiments on tlic disk-um tvpc of butlerfl\ valves (Fig 34, 
Hnptcr 27) indu ire a due of K eqml to 
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A = ' [10] 

where t — the thickness of the disk of the valve, and 
d = the diameter of the valve. 

The value of v for use in Eq. 7 is that in the normal section of the conduit. 
For the coefficient ot loss for needle or plunger valves (Fig. 23, ('hapter 20, 
and Fig. 8, Chapter 28), the following equation is presented: 


„ 0.183 


nil 


where </ is the diameter at the small end. in feet. The value of v for use m 
Eq. 7 is that in the small end of the \alvo. Results from Eq. 11, compared 
with experimental data, are as follows: 





Fx|K*ri- 

Exjicri- 





nieiila] 

mcntal 

K from 

Source 

d 

V 

Fuel Loss 

K 

Eq. 11 

Lamer Fug. Co. 

1.5 

20.0 

1.00 

0.16 

0.16 

Wellman, Heaver, Morgan Co. 

4.67 

19.0 

0.65 

0.116 

0.11 

Lamer Eng. Co. 

12.0 

20.0 

0.50 

0.08 

O.OS 

Equation 11 applies-only 

to needle 

valves 

in closed c 

nnduits. 

For free 


out Ids, as in Fig. 8, Chapter 28, the loss due In the valve can he determined 
by Eq. 2. In this case a is the small area of the valve in squarr feet and V 
is the coefficicnl or discharge, varying from 0.01 to 0.70 depending on the 
make of the valve. 

Equation 2 also applies In the discharge of a Unwell-Hunger valve at the 
end of a pipe, using a coefficient, C\ of 0.!) and ail area, cr, equal to the area 
of the pijH*. 

9. Miscellaneous Conduit Losses. As nil losses other than skin friction 
and bends arc* due to sudden changes in section of the conduit, a knowledge 
of the laws governing the losses duo to sudden contractions and enlargement^ 
will assist materially in determining the Jo'-sc*- in various irregularities of 
conduits. 

The theoretical value of K (for use in Eq. 7) for a sudder. enlargement 
in section of a closed conduit is 



where <i t and a 2 arc arcus of the* smaller and larger sections, respectively. 
The value of r for use in Eq. 7 is that in the smaller section. Actual losses 
follow the theoretical losses fairly closely. Losses due to gradual enlarge¬ 
ments in a closed conduit are not known exactly. Etcheverry gives the value 
of K as follows: 
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K ^1 — tun B 113] 

whore 6 is the angle between the axis of the pipe and the surface of the pipe. 

Equations 12 and 13 are frequently u&ed to determine the value of K 
for sudden enlargements in open conduits and foi the junction of a closed and 
open conduit f but incurredly mi, as the fundamental principles used in 
their derivation do not apply to o]>en-water conditions. The value of K 
should be tuken from the following equation: * 

*-('-£) c 1,41 
where the coefficient C has a value dependent on the nature of the enlarge¬ 
ment. Scoheyf recommends tlie following values for the coefficient C: 

For square enlargements ( 1 = 0.75 

For enlargements with each side set at a 30-degree angle 
with the flume axis C = 0.50 

For iierfectly designed enlargement transitions [3] C 0.25 

The value of v for use in Eq. 7 is that in the* smaller section. 

For sudden contractions in closed conduits, the values of K are given in 
Fig. 10, which was derived in a manner similar to that employed by Merri- 



Fio. 10. Values of A’ for sudden coni Mictions in closed conduits 

man, except tlial the coell.cicnl of contraction for a sharp-edged orifice, erpial 
1o oYjO, was UM'il instead nf 01)2, which lie employed in his basic equation. 
'Ilje valve of v for um> in Hq 7 is that in ihc suniUcr section. Losses duo to 
gradual contractions are very small. 

The loss of head in Midden contract ions in open conduits is covered in the 
explanation of the application of hq. Hid of Section 11 to the discharge 
through restricted channels. The loss in gradual contractions of open conduits 
is negligible. 

•The exception is where the hydraulic jump is introduced, 
t See p. 15 of Ref. 12 of Section 1«. 
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10. Skin-friction Conduit Losses.* Many empirical equation*" for the 
uniform flow of water in conduit** ure lnml on the following expression, 
develops 1 by Chezy in 1775: 

e = CR* W 6 

or, in a more general form, 

i> - CR*S y [15] 

where r = the average velocity in feet per second; 

R = the hydraulic mean radius in feet, being the cross-sectional area 
of the water prism divided by the wetted jierimeter; 

S = sine of the slope of the energy gradient; 

O f jp, and // = coefficient and exixmcnts, deluding on the type of ronduil 
ami the (condition of the wetted jjerinieter, all of which must be 
bused ujxm experiments. 


The results of most experiments on flow in ojien conduits have lieen pub¬ 
lished in teims of Kutter’s equation. 

Kutter'* equation is 


where 


CR* W 6 


f = r iLSll'/i) +_4UM + (0002814S) 

I 1 + |41.<>« + (0.00281/iSjl n/y/R 


"I 

R I 


flfll 


Another equation for flow in open ronduils ha* been devised by Manning. 
It is used where the approximate velocity a> u function of the square root 
of the slope is desired mid where a diagram for solving Rutter's equation l- 
not available. For a range of » from about 0.012 to 0 0120, the results are not 
materially different From those given by Kulter's equation. 

Then* has lieen a recent tendency to use Manning’s equation for pipe*, 
but such practice i« not recommended. Manning’s is only a streamlined 
version of Rutter's equation, which is not adaptable to pipes 
Mannings equation is 


where 


r = 


1.485 


|17| 

[17t»l 


Recommended valuer for the friction coefficient, n, for use in Eqs. lfln and 
17a are givrn m Table 3. 

♦Much of the lext and many of the coefficients were compiled bv Fred C. 
Seobey, member of the American Society of Civil Engineers. Editorial changes 
in formulas, to bring most of the equations (o a common denominator in terms 
of the WiJIinniri-Hnzcn formula, required computation of coefficients. 
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TABLE 3 

Rucohmkndiod Vauttbs OF Friction Coefficients n, fob K otter's Kq. 10 fob 

Open Gondvith 

Dry Excavated Earth Canals: 

Generally speaking, the value of n in earth canals increases with the 
W . P °J t V 10 ‘ iwlftl unlww constantly maintained. Slightly silted waters 
will slick over an oripual rough nurf'U'p so that the value of n 1k*- 
eomen less. Heavily silted valer will make n less, but it will also 
decrease tlip area of the water prism. 

Host conditions are found in tough silt or clay soils, with velocities 
Mow scouring limits, n « 0.016 may be acquired by silt deposit 
free from growths. 

New canals in sandy loam to clay loam range from the (‘lass alxive 
to the next one lielow. .n—0 020 

The accepted values for medium to large canals in firm eeiih or 
gravelly loam operated by organization that will give reasonable 
maintenance.. .. . n - 0.0225 

Small ditches, easily influenced by slight roughness, and larger 
canals poorly maintained . . n o.02o 

Mountain powder eauals villi cobble bottoms but without finer 
materials for a graded bedding. n = 0.028 

Dredged Earth Canals: 

A dredged cliannel is rougher than one excavated by hand or bull¬ 
dozer. Likewise, a dipper dredge leaves a rougher bottom than does 
a drag line. 1 hffeiencc* in value of n arc largely brought about by 
adaptability of soil types and silt in Hie water to smooth over the 
original roughness. 


Host conditions. .. .. u » 0.0225 

Probable conditions. n » 0.03(1 

Worst conditions without neglect of maintenance n =* 0.040 


Canals Excavated in Rock: 

Net sections, neglecting jxjssible overbrvak, should be used. 

It i« iKwsible for rock excavation to lie done in horizontally strati¬ 
fied rock, resulting in a very smooth bottom. Such canals, if very 
wide, will have a low value of n, as the rough sides have relatively 
little influeuec and, if the canal is of ordinary size and no attempt is 
made to smooth up the sides materially, the minimum value of n is 


considered to be aliout. . n — 0.023 

Usual or probable conditions, with (‘art* in smoothing the rock cut 

by breaking off projections . ft — 0.033 

Worst possible conditions—then 1 is no limit but it is seldom above n * 0.040 


Hilt and gravel dejwrits in rock canals may lower n by filling in Iho 
holes in the bottom. 
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TABLE 3 —Continued 

Rbouiuibnbbd Values or Friction Cokfficiknth, n, for Kvttkr’b Eq. 16 tor 

Ofkn Conmtitk 

Natural Channels: 

It is impossible to dcmritie accurately tho conditions of a natural 


channel that correspond to any given value of n. 

The bent natural channels have a value of n seldom below. « *■ 0.025 

Average natural channels have a value of n probably in the neigh¬ 
borhood of. n « 0.030 

Jungle bayous. ,. n > 0.10 

Wont possible conditiona. No rea¬ 

sonable 
limit 


Judgment and experience arc necwNary to lix even an approximate 
value of n fur natural channels. As an aid in selecting a value of n, 
sec 1 Ref. 13 of Section 19, which gives some excellent photographs and 
descriptions of drainage channels for various values of n. 

Concrete Linings: 

The value of n depends on the specifications for the concrete surface 
and the workmanship. Considerable variation in n may resull under 
the same aerifications with different workmen. It should Ins Uinio 
in mind that more favorable values may Ik 1 attained in construction 


than should lie anticipated in design. The following arc the general 
characteristics: 

Best possible, with neat cement, extremely well-troweled surface. 

Seldom realised in practical construction. n — 0.010 

The highest grade of practical concrete linings in liest condition. 

Surface troweled as smooth as liand-trowclcd sidewalks. Expansion 
jrants perfectly smooth. 

Best. n ■ 0.011 

Prol table.« — 0.012 

Worst . .n-0.013 

Surface as left by smooth-jointed forms, or roughly troweled. Ex¬ 
pansion joints fair. The value usually adopted for concrete linings: 

Best. n — 0.013 

Probable. n—0.014 

Worst.- 0.015 

Concrete having prominent form marks, or previous types subjert to 
deposits of gravel on the bottom: 

Best.n » 0.015 

Probable. n — 0.016 

Worst or probable maximum value not subject to reject inu because 

of bad workmanship. n — 0.018 

If liable to a growth of moss, tho foregoing values should bo in¬ 
creased by adding. 0.002 
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TABLE 3— Continued 

RioomoNDED Vaujbb op Friction Coefficients, n, for Kutter’s Eq. 16 FOR 

Open Conduits 

Values of n in excess of 0.017 indicate very jHior concrete, which 
may lie either badly spalled, owing to frost or great difference in mix¬ 
tures of concrete and finish coat, or broken down by very pure water 
or by the action of alkali. Similar values hold where the channel is 
losing its identity as a concrete surface, by deposits of sand and gravel 
or by moss or larval growtlis. Both mow and larvae appear to thrive 
in high velocities, even those of 30 or 40 ft per sec. Covering a 
channel to exclude sunlight is effective in preventing moss growths. 

Gunite Linings: 

Concrete linings deposited by a cement gun, from the imride: 

Best, if lightly troweled. . n — 0.014 

Good, if scrubbed with wire brush_ ... ... . n —0.016 

Probable, if not scrubbed. . n — 0.019 

Worst, for poor workmanship. . n — 0.021 

Following a cement gun with a trowel will improve the surface from 
a capacity slondiioiiit but may induce secimgv loss by impairing the 
original density attained by Lhe, process. It is, however, recommended 
that the* surface ‘ < rel>ouiid M be scruMied off with a wire liroom before 
it. hardens and slicks to the canal bod. 

Miscellaneous Masonry Linings: 

Glased brickwork: 

Best. 

Proltable. 

Worst. 

Brick in cement mortar: 

Best.... ... 

Prul table 

Worst. 

Dressed ashlar surface: 


Best. n " 0*013 

Proliable.. . n " 0.015 

Worst. n - 0.017 


For tiench flume, consisting of natural rock surface for the uphill 
side, a smooth concmte retaining wall on the dowuhill side, and with 
A floor between. Floor lined with concrete and clean. Upliill ride 

without projecting points. tt " 0.020 

flame as above; but floor covered with aaiul or gravel, or left as 
excavated without projections, uphill side with a few projecting points, 
such as obtained with careful excavation in hard rock. n - 0.025 


n - 0.012 
n - 0.015 
n - 0.017 


n - 0.011 
n - 0.013 
n « 0.015 
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TABLK 3 —Continued 

Recommended Values of Friction Coefficients, n, for Rutter's Eg. 16 for 

Open Conduits 


Cement—rubble surface': 

Best. 

Probable. 

Worst. 

Dry-rubble surface: 

Best. 

Probable. 

Worst. 


n - 0.017 
n - 0.025 
n -0.030 


n - 0.025 
n - 0.033 
n « 0.035 


Wooden Box Flumes: 

The following applies to well-constructed flumes, carefully main¬ 
tained, without projecting Talking or other im]x;rfectioiiK. Battens 
where used to be included in wetted perimeter: 

Planed lumber, longitudinal boards sides and bottom: 


Best. n = 0.011 

Probable. rt = 0.014 

Worst, after years of service.n — 0.018 


Unsurfaccd lumlxir, longitudinal boards sides and Inittoni: 

Best. 

Proliahle. 

Worst, uFler years of service 

Roofing pajHT lining varies with the type 1 , genemlly 

from. n — 0.010 to n * 0.017 

In general, the host and worst values correspond to new and very 
old flumes respectively, the latter with jutlchcs hen 1 and then 1 in 
place of complete renewal of rotted mcinliers and correH|M)iiding to 
rather faulty work. 

Wood-stave Flumes: 

CrooHoted: 

Best. 

Probable 
Worst. . 


n - 0.011 
v - 0.012 
» - 0.014 


. . fi - 0.015 
. .. n * 0.018 


Untreated: 

Best. 

Probable 
Worst... 


n - 0.010 
n « 0.012 
n - 0.0U 


Smooth-interior Steel Flumes: 

For smooth-interior flumes, as manufactured and erected under 
various trade names: 
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TABLE 3 —CorUini rd 

Recommended Values of Friction Coefficients, n, for Kottbr's Eq. 16 for 

Open Conduits 


When unpointed: 

Best.n - 0.0105 

Pruliable. n - 0.012 

Worst. n — 0.014 

When painted: 

Best. n - 0.012 

Probable.n * 0.013 

Worat.n - 0.017 


The condition of these patent-joint flumes is largely a function of 
size and the number of parrying rods. Small flumes (2 to 5 ft in diam¬ 
eter) maintain their catenary shape quite well, if carrying rods are 
installed midway of earli sheet, as well as at the ends, or if the side 
girders art* set close to the sheets. Either method prevents excessive 
“walloping.” Large flumes require very frequent carrying roda and 
heavy-gage metal. 

Williams and II a zen’s equation for flow in closed channels was developed 
in 1 !H)‘J from the meager date of that time to “represent as nearly as possible 
average conditions, as deduced from the best available records of experiments 
ui)on the flow of water in such pipes and channels ns most frequently occur 
in waterworks practice” |7|. ThiH equation is recommended for use with 
miscellaneous closed conduits, for which special equations will not be given. 
Expressed in the form of Eq. 15, Williams and Hazen’s equation is 

v - 1.32CArfl° 54 [18] 

where C yf *= the coefficient of friction. 

Recommended values of the friction coefficient, 0a#, for use in Eq. 18 are 
given in Tuble 4. 

More recently, the writer, after years of field research, developed separate 
equations for steel, wow 1-stave, and concrete pipes.* 

(liven in a form similar to the preceding flow equations, these equations are, 
as follows: 

Scolxiy *8 equation far steel }ripc is 

v^CJt**#*"* 119] 

Scobey's equation far wood-stave pipe is 

v-CJP**}?™ [ 20 ] 

Scolmfs equation Jar ronerete pipe is 

v = [211 

• For a dctnilrd xtmly of rttri, wood-n1t.vr, or ronewte pipe, m* Boh. 8, 8, 
or 10, respect i\ely, of Section 10. 
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Recommended values for the friction coefficients, r a , C Wi and C r , for use in 
Scobey’s equations are given in Tables 5, 6, and 7, respectively. 

Figure 11 gives values of IP and £* for use in the foregoing flow equations. 

Figure 12 is for a solution of problems by Kuttcrs equation. Essentially 
the diagram consists of two parts: the upjjor part, which gives simultaneous 
values of R and w, and the lower part, which gives simultaneous values of 
8 and v. The two parts are connected by a series of guide lines. The solu¬ 
tion to a single problem is indicated by the dotted lines. If R - 2.6 ft aiul 
tt = 0.015, then, for a slope of 0.00125, the indicated v - 6.7 ft per second. 
(The actual numerical answer is 6.66 ft per second.) 

For slopes flatter than 0.0003 any given guide line splits into diverging 
curves. For the heavy guide lines the right-hind curves are lettered to indi¬ 
cate ihoir use for values of n =- 0.030 and the left-hand curves for w -- 0.012. 
Of course 4 , the right and left curves from the lighter guide lines are for the 
same respective values. Interpolation between proper guides can be esti¬ 
mated for other values of n. 

In the selection of a proper coefficient for u*e in the aforementioned flow 
equations, the adopted value rlej)emls upon tin 1 judgment of the engineer. 
Since these equations embody different values of Jr and y r based on experi¬ 
ments for particular types of conduits, the value of C must lie fitted aecord- 
ing to the nature and condition or the wetted perimeter, the age of the con¬ 
duit, and whether the maximum, probable, or minimum value of v is desired 

The character of the wotted perimeter is liable to considerable change dur¬ 
ing the life of the conduit because of corrosion, tuberculatum, growth of 
fungi, sponge, weeds and other vegetation, silt deposits, scour, ice, and other 
factors. The chief difficulties with existing experimental data are the lark 
of the power of definite description of the condition of the wetted perimeter 
of the conduit and the ever-present ignorance of the intenor conditions of any 
conduit for any given year in the future. 

For these reasons, it is necessary to adopt values of the friction coefficients 
that will result in an error, if any, on the side of safety. If, in a pipe line, 
the head lost in friction is only a small part of the total head available for 
power, if is customary when estimating power available to determine friction 
head by the selection of a probable coefficient. On the other hand, the design 
of a surge tank demands the selection of a coefficient corresponding to the 
minimum possitile friction when the funk is filling, and the maximum possible 
friction when the tank is emptying. These selections result in the greatest 
possible surges in the tank. 

For an open conduit, an error in the selection of the coefficient hns con¬ 
siderable effect on the rapacity. If a probable coefficient is used to deter¬ 
mine the depth of water for a given discharge, a free board or superelevation 
of the side's of the conduit above calculated water surface is provided to in¬ 
sure a margin of safety and space for wave crests. This free Iwianl should 
lie of such height that, with a coefficient corresponding to maximum iwssible 
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TABLE 4 

Recommends! Values of Friction Coefficients, Cjh, fob W illiam s and Hazbn’b 
Kq- 18 fob Miscellaneous Closed Conduits 

Cut-iron Pips: 

On account of the growth of tuliercleS on the inside of the pipe, which decreases its 
area ss well as increases its roughness, tho value of Cm for a given age decreases as 
the diamoter, liut variation of Cm with age depends largely on the composition of the 
water flowing in the pipe Values are therefore rough Approximations. 

Williams and Hasen reco'nmend the following average values of Cm' 


Diameter Age in Years 

of Pipe -- 


in Inchc^s 

0 

5 

10 

20 

30 

40 

50 

4 

130 

118 

107 

89 

75 

64 

55 

8 

130 

119 

109 

93 

83 

73 

65 

12 

130 

120 

111 

90 

80 

77 

70 

16 

130 

120 

112 

98 

87 

80 

72 

24 

130 

120 

113 

100 

S9 

81 

74 

30 

130 

120 

113 

100 

90 

83 

76 

3fi 

130 

120 

113 

100 

90 

83 

76 

40 

130 

120 

113 

100 

90 

S3 

77 

60 

130 

120 

113 

J00 

90 

83 

77 


Where cast-iron pipe ir lined with lament it Hhonld classify with the brat grade 
of concrete pipe, from a capacity viewpoint, if held to rigid specifications. 

Small Smooth Pipe: 

Williams and Tl&zen's coefficients for smooth brass, lead, tin, glass, drawn 
copper, and new, small steel pipe are given as follow a: 

New and in good condition Cm - 140 

Average .. Cm ™ 130 

Worst. Cm - 120 

Falling off of Cm with age depends on indeterminate conditions which are 
accentuated in small pil>c. Therefore, an ample factor of safety is necessary. 

Unlined Tunnels in Rock: 

For unlinod tuiuiols in rock, recommended values for Cm baaed on net sections 
and neglecting pomible ovorbreak art* as follows: 


Ifet .... 

... C U - SO 

Probable 

. . . C M - « 

Wont... 

.. Cu - 38 
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TABLE 5 

Recommended Values of Friction Coefficients, C,, for Scobky'r Eg. 11) for 

Steel Pipe 

Scobey classifies steel pipe as follows: 

Class 1. Full-riveted pipe, having both longitudinal and girth scams hold by 
one or more lines of rivets with projecting heads. (Countersunk rivets l>c1oiig 
in Class 3.) 

Ja. Sheet metal up to ?i e in. (about 7-gagel thick; 

16. Plate metal from £ie in* to J'ia in. thick, with either taper or cylinder 
joints; 

lc. Plate metal from in. up with cither taix»r nr cylinder joints, and lor 
plate from J£ in. to 7 i fi in. thick when hutl-jniutcd; 

l d. Butt-strap pipo of plate from H in. up. 

Claas 2. Girth-riveted pipe, having no retarding rivet heads in the longitudinal 
seams, but with the same girth seams as full-riveted pifte. 

Class 3. Continuous-Interior pipe, lmving the interior surface unmarred by 
plate offsets nr by projecting rivet head* in either longitudinal or girth seams. 
Not nerosHarily described as “smooth." 

The following recommended conservative values an* based on experience with 
eastern waters: 





Age in 

Years 



Class 

- 

— 


-- 

—- 

- 

of Pipe 

0 

10 

20 

30 

40 

50 

la 

140 

130 

120 

111 

103 

95 

16 

131 

120 

111 

103 

05 

88 

lc 

125 

115 

100 

OS 

DO 

84 

Id 

120 

110 

102 

114 

H7 

SO 

2 

140 

138 

127 

US 

109 

100 

3 

154 

142 

131 

121 

112 

104 


For western waters the alxive coefficients are multiplied by 1.0020', when* t is the 
age in years. 


TABLE 0 

Recommended Values of Friction Coefficients, C Vt for Storey's Eg. 20 for 

Wood-staw: Pipe 

Best information scorns to indiealc that the value of C* does not vary materially 
with age for wood-stave pijto. Experimental values differ, ranging as follows: 

Best. C» - 224 

Pro) table . C v - 186 

Worst C* - 170 
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TABLE 7 

Recommended Values os Fkiciion Oolffioen'j b, C 0 , for ScORUi’b Eg. 21 for 

CoNCKllU PlPE AND CoNClifcill -LINED Tt NNELB 

Concrete pipes aie made in precast unils in oiled, npd foinu, 01 they art* cen- 
tufugally spun Steel rylmdcis, with concrrle interior and extenor, yield essentially 
the same sin fd.ee 

Iaikl tunnels, lined with (.omieU* by means of a conciete and using oiled 
steel foiins, will give a sinubtr surface Man\ cxpei 1 mental data on new precast 
piP 1 ' Bnt ^ coiiciele-hned pursuit tunnels give the following values 


Best 

U, - 146 

Pi oh ihlc 

(\ - 133 

^ orst 

(\ - 121 


Wood formw ork is lit tie used in nuMlei n prdr In e Iai k of ngidily cau se s the forma 
to squeeze unde 1 tin pic ssuie of wet comic 1c, n suiting in offsets, crack fuib, cavihe-t, 
eti Under such conditions (\ = 130 nu> bo assumed for the best and C c m 00 
lot the woist 

1 1 ir 1 ion, the conduit wdl iccommodate the depth icquiml loi the given 
disc huge 

Minv other rises r m lie cited when the* minimum, maximum, or probable 
c ipaeitv oi the conduit must be esliniitcil 

'Jlic v dues in the lollowiug tiblcs ol tocfhuenls were domed fiom a &tud> 
cd ill ivuhblc inloiiniticm on e\]MTinientd detcimutation of the fnrtion 
eoeffuient and from the wntei s numeioua tests duung 30 vears with the 
Division of Jingition in vinous hmeiiis of Ihe U S Department of Agn- 
rultme [S-I 2 | The \ duos cuiicspomling to the licst and woibt conditions 
imbrire pnetirdh all vimtioiis in the dua studied Isolated \ dues, out¬ 
side 1 the limits given, hive been exclude cl wheie there was reasonable doubt 
oi then amir icv It is lclt that tin* values in the t iblos cover the range of 
pi irtical consultnlions Hie piobiblc v dues aie those orchnanly used in 
pi ir tire 

Unless 0 1 hoi wise stilt'd the fnrtion coefficients in the tables are based on 
sti.ught 01 stighllv siuiums conduilb free fiom plant giuwths, inosb, ice, etc 
All oxpcnmc nt d data woie adjusted as doselv as possible to correct for 
cm v at lire so lint all coefficients aie for piactically straight conduits. A 
conectum to the cdculited slope bhould be made for appreciable curvature, 
as indie ilod in Section 7 

Obviously, the lesulis oi defects m eonstiuction, settlement, and obstruc¬ 
tions aie imlctriminute, although ail ittompt has been made in the tables to 
gi\p appioumate coeflicieufs foi certain conduits which should cover the 
lange oi reasonable maintenance. 

Ileav> coatings or giowths ot algae, fresh-waler sponges, and the like are 
no icspeeteis ol uvitmol Beioie the fin turn coefficient for a given case 
is adopled, similar conduits in the vicmit> should be studied to determine 
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Ihe possible effect of such coatings or growths on the coefficient. The pos¬ 
sibility of treatment to control such organisms should also be investigated. 

Effect of Ice . It is not known that any experiments have been made to 
determine the frirtion coefficient of the underside of a sheet or iee. If the 
ice had the same effect on friction as the bottom and sales of the conduit 
have, the determination of velocity would he made m the same way as for 
open-water conditions, except that the width of the ice sheet would be in¬ 
cluded in the wetted perimeter and the area would be the area under the iee. 
It is believed, however, that the u-unl retarding effect of the underside of an 
iee sheet is much less than that of the ordinary form of earth and rock canal" 
and probably equal to that of the smoothest conduits. In the absence of a 
better method, it is recommended that, for ice conditions, Rutter's coeffi¬ 
cient, v, for ofirn-witfer conditions lie used, and that a percentage of the 
width of the ice sheet, W, depending on the roughness of tile conduit as indi¬ 
cated below, be included in the netted perimeter. 


0.010 

W = 100 

0.015 

87 

0.020 

70 

0 025 

06 

0.030 

58 

0 035 

50 

0.040 

43 

0 045 

37 

0.050 

32 

0 055 

28 

0.000 

25 

0.005 

22 


The probable maximum thickness of the ice sheet depends upon climatic 
conditions at the site, the length, width, and depth of tilt* conduit, and the 
velocity; and it can tie otuuated only by comparison with similar conduits 
in the vicinity. 

11. Flow over Dams, (a) Fundamental Formula . The basic theoretical 
expression for the flow over weirs is given in Eq. 5 ot Section 1, which, if ull 
constants are combined, may lx v written: 

Q - ( 7 [ 22 ] 

where Q = the total discharge, in cubic feet jicr second; 

C =» the coefficient of discharge, which depends on the shape of the crest 
and the head on the crest; 

l =» the net or effective length of crest, i.e., the total length of crest 
corrected for end contractions due to piers and shar)>-coniered 
abutments; 

h t = the actual or measured head on the crest, taken at a point suffi¬ 
ciently remote from the dam to avoid the surface curve. 
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Francis has determined that, to allow for the effect of the velocity of ap¬ 
proach, this equation should l>e written: 

Q - Cl[(h e -f* h,)* - h,*] [23] 

where h, = the head (‘orresponding to the velocity of approach. 

Ail approximate form of Francis’s equation is 

Q = qln = CUhc + h v )>* [24] 

For the same values of (\ Kq. 24 gives values of Q in excess of those from 
Ec|. 23, not exceeding alnnit 1% for depths of channel of apiiroach not lees 
than twice the head on the crest. 

(ft) End ('ontractions. I'Vuicis’h equation for the necessary correction due to 
complete end contractions is 

<).1/i(* r + fl.l 12*1 

where l, * the total dear length of erect between abutments and piers and 
n - the nuinlHT of complete cuntraciionb. 




Fio 13 lr») Complete ionli.i<tKm« due to abutments and lnr*e piers (b) Partial 
cuntinetionc due to cliaip pieffl. 


If the erect is obMiucte.1 bv piers bavins considerable widths and sharp 
eorners as m,l.eated m FiR- 13a, n representc the number of corners that 
vrve to deflect the water. There are six complete contractions in this 
instance two for each pier and one for each abutment. Usually, however, 
the pient am relatively thin and have rounded comers or sharp upstreani 
!mds as indicated in l«b ami 14 Tn -ueh cases the eontrartions for the 
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piers are not complete, ami Francis's equation would give too small values 
of l % . Frauen’s equation then may 1 ms written 


In * h “ (^e + + AV»b ■ ■ ■ K n ll n ) [20] 


where K at K bf etc., represent the contraction coefficients applicable to the 
several different contractions that may be expected, and n ai n b , etc., the 
number of contractions having contraction coefficients, K a , K hi etc., respec¬ 
tively. 

From a study of the data in the published experiments on the discharge 
capacity of the Wilson and Keokuk Dams |10, #17|, as uell as from other 

considerations, the authors have derived the 
approximate values of the coefficient of contrac¬ 
tion, AT. shown in Fig. 14, for piers having a 
thickness equal to about one third the head on 
the crest. Exact values ean be found only by 
experimentation. 

When one gate is open and the adjaecnl gates 
closed, each of the two end emit met ions mav 
have a value of K equal roughly to 2.5 tunes 
that when all gates are open. 

When the length of the weir between end 
contractions becomes short in relation to the 
head on the crest, the flow approaches that of 
disduirge through an orifice and the principles 
of the weir no longer apply. In addition, the 
trajectory of the jet, fixing the sh:i]>e of tlir 
cro«t of the dam, changes considerably. There¬ 
fore, when the lcnglh of erc*t between complete 
end contractions becomes less than about three 
times the head on the crest, or when the length 
of crest between piers of the usual type Iwnmes less than about tun limes 
the head on the crest, the trajectory of the jet and discharge should be found 
by mode] experiments. 

(r) Velocity Head Correction. The velocity head, h r , introduced into 
Eqw. 23 and 24 to compensate for the motion of the water toward the weir, 
is found from the equal ion 



Fro. 14. Approximate con¬ 
traction coefficients. 


K 



[27] 


where V a is the effective velocity of approarh and y is the acceleration of 
gravity. The velocity in the channel of approach is not uniform. The filn 
ments above the elevation of the crest sometimes have a velocity considerably 
greater than the mean, depending on tile depth and width of the channel and 
its surface conditions. The energy of the filaments above the elevation of the 
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creut has a proportionately greater effect in increasing the discharge. The 
true value of V a depends on too many variables to permit general determina¬ 
tion. It may vary from 1.00 to 1.25 times tho mean velocity. 

Since wind, ire, ami other conditions can materially affect the velocity 
of approach aliovc the elevation of the crest, it is usual to assume the velocity 
of approach equal to the nienn velocity. Such an assumption is on the safe 
side in determining the rapacity of the darn to jiatis the maximum flood. 

If the spillway is to serve as a measuring weir, it may be desirable to 
estimate the velocity of app/uarh more carefully by study of experimental 
data for comparable installations, or by a model test. 

If K is measured to a large pond, h v may lw» neglected. 

(f/) Coefficient* for Standard Dam fVcjifs. The designer is interested in 
the coefficient of discharge for the following tvjics of standard spillway dam 
crests: 

Type 1. Straight dams with no vclocilj of approach. 

(a) Vertical upstream face. 

(6) Inclined upstream face. 

Tyi>c 2. Straight dams with appreciable velocity of approach. 

(») Vertical upstrenm face 
tb) Inclined uphtream fncr. 

Type 3. Curved dtims with no \ olocity of approach. 

(n) Verlieal upMrenm face. 
ib) Inclined upstream face. 

Type 1. Cur\rd da nit. with appreciable velocity uf approach. 

(r») Vertical upstream face. 

(b) Inclined up«trcain face. 

(r) Type Jo. Straight Daw*--No Velocity of Approach—Vertical Up - 
xtream Fare. Values of C for Eqs. 23 and 24, applicable to this type of crest, 
call lie obtained from the “vertical winter fare” curve of Fig. 15. The “design 
head,” h t ! } in this figure is the head used ill determining the shape of the 
crest. The first step in the determination of this curve is to find the coeffi¬ 
cient of discharge V* for the dcrign head h c ' as follows: 

Tt will lie remembered that the method of roust ruction of the standard dam 
crest corresponds to the shape of the jet from a theoretical sharp-crested 
weir, as show’ll in Fier. 10. Thus, for the design head, the discharge over the 
standard dam crest is the same as the discharge over the theoretical sharp- 
crested w’cir for the nl me elevation of water surface. 

Francis's Eq. 23 was deduced from experiments on sharp-crested weirs, and 
tho value of C was assumed constant at about 3.33 when the head was meas¬ 
ured from the sharp crest, i.e., h tr in Fig. 10. 

From Fig. 10 and also the table in Fig. 20 of Chapter 17, for a vertical 
face and zero velocity of approach 

h w = h e ' + r = 1.12M/ [28] 

where r is h r * turn's the initial value of y in the table, and h r is the depth 
of the theoretical sharp crest lioluw the design waiter depth. 
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Consequently, to ohtiin the coefficient C appbc ible to the design hcid 
V on the concrete crist, Fnnuss coefficient must be mcnastd foi use m 
Fqs 23 oi 24 thiib 

C = (1 126) V* = 3 33(1 126)' J = 3 % [20a] 


In 15 



Cm the unis of riisihtrgr for straight standird dun nests with no ulonH 
of tppiouh 


Water Surf ace 


K K 


1 Cr est of Masonry Dam 



i r 

f Crest of Theoretical Wier 
Sharp Crested Wier 

lir 16 Nqpc foi shop-nested win mill willed upslit im fuc 


The \ ilui of ) l )S for C (or of ( Tep 2i ind 24) is good onl'v fnt flow at 
the design depth In sfnrhing flic ilnrmmrc of spillw i\s it is nuissin *0 
estimilt disc huge*, for ill depths mil in sur li imcsligitinn" ( must be 
tre itcd is a virnblc Dwhtigc locfliriints loi stmdird ucsts foi ill ntios 
of artuil hnd h f to design hud h/, up to 20, c in Ik tikcn fioni hig 15 
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Point 2 on this diagram corresponds lo a head ratio of 1.0; i.c., the actual 
discharge head is equal to the design head. Tht discharge coefficient is 8.08, 
as computed aliove. For actual heads smaller than the design head, the dis¬ 
charge coefficient is reduced, as indicated by the rurve 3-2. For actual 
head** greater than the design head, there are two poeHibiliticri. If the over- 
falling stream adheres to the face of the dam, the value of C increases as 
indicated by the curve 2-3. If the overfailing stream leaps clear of the dam 
and if the space between the dam and the lower nappe is fully aerated, there 
will l*e a decrease iu the vahu of C as indicated by (he curve 2-4. It is only 
C and not the unit discharge, C'hfi, that decreases with increasing values of 
h P above the design head. Aeration is difficult if not impossible to obtain 
for standard dam crests. 

Values of C for heads less than the design head, as shown in Fig. 15, for a 
vertical-face (lain, were deduced from u study of a niunlier of experiments on 
many ty]H> of crests The curve for values of (J greater than the design hea 1 
was simply extrapolated. The curve for values of C greater than the design 
head, for the aerated nappe, wns determined theoretically in the manner 
previously used for determining C* for the design head. 

Comparisons with the model experiments of Rouse and Reid [18] and 
those of Dillman in Munich [19] show that the i urve agrees closely with 
experiment for values of h r /h r ' from about 0.1 to 0.3 and that it indieates 
values of (' about 2% lower for values of h t fh r ' of 1.0 (design head) aud 
a bout 3 r J lower for values of h r /h P ' of about 2.0. Thus the curves are com¬ 
paratively conservative and within the accuracy obtainable in actual dams. 

(/) Type 15. Straight Damn—No Velocity of Approach—Inclined Up¬ 
stream Farr. For this tvpe with a 45-degree upstream face, the coefficient of 
discharge, C\ for the design head in Fig. 15 was obtained in exactly the gome 
maimer as di^crilied for T\pe In (vertical upstream face), except that r 
was taken as 0.043 and C„ as 3.66, resulting in a coefficient, C\ of 

(” = (1.043) V w = 3.66(1.043)** = 3.91 |296] 

The 1 re is evidence that when hjhj is less than about 0.6 Ihc values of C 
for a 45-degree water face are slightly greater than for a vertical face. No 
attempt was made to extrapolate the curve for a 45-degree face beyond the 
design head for the case of adhering jet, since no verification was available. 

(g) Type 2a. Straight Dams—Appreciable Velocity of Approachr-Verti- 
cal Upstream Face. The curves of Fig. 15 apply only to zero velocity of 
approach. As mentioned in Section 33 of Chapter 17, the shape of the stand¬ 
ard crest rhnngcs with the velocity of approach. It is therefore evident that 
the coefficient of discharge also changes. 

The coefficient of discharge for standard dam crests with an appreciable 
velocity of approach and designed to fit the jet is difficult to determine on 
account of lack of agreement of experiments. However, an approximate 
value of the discharge coefficient C may be obtamed from 



124 


HYDRAULICS 


LChap. 81 


c '= 3 m -^Tl [29ri 

where h c * and h v equal the “design head” nnd the velocity head, respectively. 

(A) Type 2b. Straight Daws—Appreciable Velocity of Approach — In¬ 
clined Upstream Face . No data axe available for this type. Experiments are 
necessary. 

(i) Type 3a. CitTwrf Damn—No Velocity of Approach—Vertical Up¬ 
stream Face. The correct shape of the crest is indicated in Fig. 0, Chapter 

26. Dams designed in accordance with 
this alia]ic, with no velocity of approach, 
will have a coefficient of discharge as 
indicated in Fig. 17. 

ij) Types lib and 4. Carved Dams. 
No data are available for these types. 
Experiments nre necessary. 

(£) Influence of Special Details . For 
reasons explained in Section 33 of Chap¬ 
ter 17, the discharge coefficient is not 
appreciably altered by a re-entrance or 
lip as shown in Fig. 22a of the same 
chapter, or by a change in the 45-degree 
water face as shown in Fig. 225 of Chap¬ 
ter 17, provided that the diMnnce d in 
both cases is equal to ot greater than 
one half the sum of the head on the 
crest and the head corresponding to the 
vcloritv of approach. 

(/) Special Spilhray Types. Certain 
types of collapsible dams, intakes of 
chute spillways (see Chapter 26), and other wide flat intakes require special 
formulas. 

It is not always possible to use the standard crest form for a Rpillway. Cer¬ 
tain types of dam crests require creRt form* of other kinds. Also, crests of 
many forms will lie found on existing dams which the engineer is frequently 
called upon to analyze. In many cases no experiments have been made on 
such tjqies of crests and approximations must be made from data obtained 
from similar types. Horton f 15] has analyzed tests on a number of different 
types of dain crests, and these studies will be found very useful in such cases. 
However, the “broad-crested” weir, a type most frequently substituted for 
the standard crest, will be dcscrilied later. 

If Fig. 18a represents the upstream portion of a flat-top dam of appreciable 
width, or the intake to a chute spillway (Section 4, Chapter 26), or n similar 
conduit, the velocity at any point where the depth ia d can be computed from 
the equation 



Fig. 17. Coefficients of discharge 
for curved stundurd dam crests with 
vertical upstream fares, operating 
at design head, nn velocity of ap¬ 
proach. 
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V - V2g{h c + h w -d- h,) [30] 

where A/ is the total head low due to contraction and friction between the pond 
level and the point at which d w measured. Other symliols are as shown in the 
figure. 

The corresponding discharge is 

Q = A r - wWl*T+A. - d- hj) [30a] 

If the corner is well rounded to eliminate contraction and ir the top of the 
dam is frictionleiw (or if friction is ignored), hj is zero and Eq. 30 liecomes 

r = Vwht + /'■ - <b [si i 

Eq. 30fl likewise liecomes 

Q = AY = Id's/ 2g(h c + h r ~-~d) 131 a} 

If the top of the frictionless well-rounded dam is level, and if there is no 
olwtruction to hold up the water depth on the crest artificially, the depth (/ 
will assume the minimum or critical value of 

d = }(h r + h 9 ) [32] 

which may lie substituted in Eq. 31a to give 

Q = 3.0*m r + hj* [33] 

Of course, no dam top or spillwav channel floor is frictionless; hence, if the 
floor is level, as indicated in Fig. ISa, for any considerable distance, the depth 





Critical Depth at 
Some Point Down¬ 
stream from Crest 


Crest^ %(*,.+ 



Fm. 18. Spillway intakes. 


near the upstream edge of the ert.d will excised the critical depth (Eq. 
32). The usual procedure ii* to give Ihc crest or channel floor a slope, as indi¬ 
cated in Fig. 186, sufficient to balance the friction loss. The condition of fric- 
tionlcss flow is thus stimulated and Eq. 33 becomes applicable, provided 
the depth is not held up by some constriction further downstream. If the 
slope immediately Iwlow the crest is greater than required to compensate for 
losses, the discharge may be increased. 

Equation 33 is generally used lo compute the discharge of broad intakes for 
chute spillways. A small allowance for “entrance loss” can he made as a 
matter of safely. If the inlet is carefully designed, such loss will be small. 
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Equation 33 applies only to channel entrances or to structures where the 
upstream and downstream length is several tunes the head h 0 . 

Equation 30a is applicable to the discharge through restricted channels such 
as occur when cofferdams are built part way across a stream, and to tempo¬ 
rary openings in dams to pass the stream during construction, as indicated in 
Fig. 10. If h f w negligible, use Eq 31a If the depth of water below 
the restriction is let* than 7a(fi t . + h p ), the viliie of d for use in Eq. 31a 
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Plan 3 

Fin 19. Flow through restnried openings. 



should be made equal to 4* /i, ),* because the water nurture through the 
restriction will be at thal depth as previouslx explained. The \alue ol / in Eq 
33, ah ill all other ease's, diuuld lie taken from Eq 1*3 or 20. 

(m) Broad-nehted Wat*. Flat-topped dam^ with ‘squire upstream cor- 
nerh (Fig. 20) aie sometimes referred to as "bruiid-cnstcd wen" Discharge 
coelbcicntH for Mich ercMs are irregular. If the head rxeredri 1 5 to 2.0 tiinci- 
the crest width, the jet may jump clear of the erc^t, in whieli event the action 
is essentially that of a sharp-ereMed weir. Approximate rorlhrients for wirli 
weirs, Im^ed on available expenmental data, are hi i own in Table S 4 4 These 
coefficients are for m ilie approximate equation 

Q - [33/i] 

(n) Submerged Spill trays. If the rrc*it of the dam K submerged, ns in Fig 
21a, the dwhurge coefficient, for use in Eqs. 23 and 24, should lie modi- 

* Or Eq. 33 may be used, as it is the equivalent of Eq. 31a for d ™ + h v ) 

t Computed fiom llusin’s experiments in f\ S Gtnl. Survey Water Supvly 
Paper 200, by R. E Horton. Hoi (on suvs these exjierimcnts apply to rising 
water surface onlv. Without aeration on top of the dam, the jet clears the rn4 
nt different heads for lowenug water surface. 

(Table is reproduced bv poinusMon from Horace King, Handbook of Hy¬ 
draulics, McGraw-Hill Book Co., New York, 1939, p 164. 





tied according to the deem* of submergence, as indicated in Table 0* In 
tliih table, (’ ih the coefficient lor fru discharge over a similar crest niuler the 
^niuc head, anti (\ ih the muddied coetheieut due to the submergence. The 
heads are h 8 and h ( , as in Fig. 21a. 

It will be noted 1h.it, for values of hjh , lest than O.IiO, the reduction in dis¬ 
charge is less than i5 r f. 

If a slanding wave occurs l>elow the crest, ns indicated in Fig. 216, the 
effeet of submergence is lost and the discharge is the same as for a free crest. 

(o) Discharge through Partly Open ('‘rest Gates. Tt is not possible within 
the scope of this book to give data on the discharge through partly open crest 

* From IT. 8. Deep Waterways experiments. Spp f T . S Gvul. Survey Water 
Supply Puptr 200, p. 116. These experiments were made on u model having a 
rounded crest, approximating luoie closely Hi an any of flu otliera to tho si Jape 
of a standard dum crest. 
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TABLE 0 

Relative Coefficients, Submerged Crest and Free Crest 


A. 

c. 

K 

c. 

Ac 

C 

he 

C 

0.0 

1.000 

0.6 

0.907 

0.1 

0.991 

0.7 

0.856 

0.2 

0.983 

0.8 

0.778 

0.3 

0.972 

0.9 

0.621 

0.4 

0.5 

0.956 

0.937 

1.0 

0.000 


gates, since llie varied details of pates and supporting structures affect con¬ 
ditions materially. The reader is referred to the following publications: 

Experiments on Wilson and Keokuk Dams, Refs. 16 and 17. 

Robert E. Hot ton, “Discliaige Coefficients for Taint or (Jutes," Eng. Nvwh- 
Rccard, Jan. 4, 1034, p. 10. 

Tlieron M. Ripley, “IWharge through Tm'nlor flair Openings.* 1 (Uvd Eng., 
August 1933, p. 386; Ben CJiuncnaky. idem, November 1933. p. 627. 

Julian Hinds, “Rating Curves for Canal Ileudgalen,” It tela Hint mu Rvvoni, 
May 1922. 

Julian Hinds, “Discharge Coefficients for Canal Hradmiles,” Reclamation Rtc- 
ord, October 1919. 




Fin. 21b. Submerged crest with 
standing wave. 


12. Measuring Weirs. Many formulas for determining the flow over 
measuring weirs have been proposed,* each giving slightly different results. 
The use of such formulas should lie confined to conditions exactly equivalent 
to those in the experiments from which the formulas were derived. 

The August 1942 supplement to the Power Test Code (1938) of llie Ameri¬ 
can Society of Mechanical Engineers for livdrnulir prime movers specilies the 
use of RelilKick’s formula as follows: 


Q = ^3.228 H- 0.435 ik,' 1 - [341 

where Q = quantity in cubic feet per second; 
h e = h + 0.0036; 

h = observed lieiul on crest, in feet, without correction for velocity of 
approach; 

a = height of weir crest above bottom of channel of approach, in feet; 
l = length of weir crest, in feet. 

* See p. 86, Ref. 1 of Section 19. 
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This code also provider a bpocification for measuring hydraulic turbine dis¬ 
charge It will apply, of course, to mcasurem^nrs nf streams. 

13, Head by Bernoulli’s Theorem. The velocity head, or head required 
to produce a given velocity, was derived in Section 4 and is 


Velocity head 
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According to Bernoulli's Theorem, + ho general law governing steady flow 
of water in conduits is as follows; 

lor steady flow ui a conduit, the sum of the velocity head, the pressure 
head, and the jiotentiul head at any point, A, is equal to the sum of the cor¬ 



responding heads at am upstream point, B, less the frictional resistance be¬ 
tween the points A and B 

Expressed inathematically, we ha\c 

^+*,+».-^+v+v-v m 

where v and v' = the velocities in feet j>er second at points A and B, reflectively ; 
h p and h p = the corres)ioiidiiig pressure heads, in feet; 
h t ami h/ = the (*orrcs]>onding potential heads above a common datum 
plane, in feet; 

hj = the total frictional resistance or lost head, in feet, between 
points A and B. 

Ill a closed conduit under jiressure, h p is the height at winch water will 
stand in a piezometer tulie, a** indicated in tig. 22, and defines the elevation 
of the hydraulic gradient above the conduit; and h p + v 2 /2g defines the cor¬ 
responding elevation of the energy gradient. 

In an open conduit, h t and h t ' are measured to water surface and h p ami 
h p \ measured to the same place, are equal to zero. Therefore, the hydraulic 
grudient for ojien conduits is at water surface. 

For water-power developments, an additional head, K must lie included 
in the theorem. This head is that used by the turbines in tin* generation of 
power ami includes all frictional resistance within the tin bine casing, the tur¬ 
bine, and the draft Ini*, since such losses arc chargeable against the efficiency 




LChaf. 8] 


130 HYDRAULICS 

of tho turbine. The si>ecial case of Bernoulli's Theorem, applicable to water 
power, is 

£ + *, + A.-£ + V + A.'-A/-A [37j 

For incased turbines, let the points A and B be located at the upi>er end of 
the tailrace and in the entl of tho j)onstock ut the turbine easing, reflectively. 
In the tailrace, h p = 0 as it is an open conduit. 

The only loss between A and B, nut chargeable against turbine efficiency, 
is that due to the Midden enlargement at. the end of the draft tube. If v d 
is the velocity at the end of the draft tulie, the lose* may be assumed to be the 
difference in the velocity heads in the draft tube and in the tailrace, or 


/>/ = 


v d * 

20 


'I 2 

2 g 


[38] 


Making the proper substitutions in Eq. 37, we have 

A = V + (A/ -»«) + £- £ 139] 

Equation 39 (tureen until the definition of the A.S.M.R. I’ower Tost Code 
(1938) for the net head arlinfc on inuiwd reaction turbine*. 

For reaction turbines in ojien flumes, A/ in zero and v n /2g in neg li gible 
Therefore, for nudi installations, tlie equation ia 

h = h r ' - A, - [40 | 

Equation 40 corresponds to the definition or the A.S.M.E. Tower Tost Code 
(1938), for tlie net head acting on turbines in open flumes. 

For impulse turbines, let the point A l>e located at the jet where it Imm-oiui* 
tangent to the bucket circle, and ijoint B in the penstock at tlie nozzle casing. 
After leaving the runner,* h Jt = 0 and h ¥ = 0. The only loss lx*ween .4 and B 
is that in the nozzle, which is cliargeahlc against turbine efficiency; therefore, 
kf = 0. Consequently, Eq, 37 reduces to 

A-A/ + (A/-A,)+£ [ 41 ] 

This equation corresponds to the definition given in the A.S.M.E. Puuer 
Test Code (1938) for the net head acting on impulse turbines. 

* Theoretically h c - 0. Actually the water has velocity in a vertical directicn 
necessary to drop to the tailrace level the energy of which is lost, and some¬ 
times it 1ms a horizontal velocity duo to imi>erf eel ions in design, the rneigy of 
which is chargeable against turbine cflicicncy. 
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For the whole development, let A and B be located in the river where the 
water is returned and where it is diverted, respectively. The pressure head 
at these points is zero; the velocity at the ]x>int of diversion is usually negli¬ 
gible; and that at the point of return is either zero or not available for power. 
Therefore, 


t ,2 

20 


2g 


K 


0 


and Eq. 37 reduces to 


h = h/ — h t — hf 


[42] 


From the definition oi gross head given in the A.S.M.K, Power Test Code 
(If 138), 

II = h/ - h t 

ITierefore, 


h = II -hj 


[431 


The net head on the turbine is therefore equ.il to the grosh head, or the dif- 
ierence in elevation lietwoen the water surface m the diversion pond and that 
in the river at the lower end of the tnilrace, hss fill frictional losses in the 
conduits not chargeable against turbine efficiency. 



Fk. 23. Hydiaulic and enngy gimlicnts far a complete development. 


Figure 23 shows the hydraulic and energy gradients for a complete devel¬ 
opment. The hydraulic gradient is at all places a vertical distance below 
llie energy gradient equal to Iho velocity head at surli places. The energy 
gradient at any point is a vertical distance l>clow headwater elevation equal' 
to the lost head (total friction losses) lictween the forebay and that point. 
Therefore, the hydraulic gradient at any point is a vertical distance below 
headwater elevation equal to the total friction losses between the forebay 
and that point plus the velocity head at that point. 

The net head available for power is the vertical distance between points 
A and B , since, as previously explained, the friction losses in the turbine and 
dntlt tube are chargeable against turbine efficiency. 
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It will be noted that Ihe pressure in the draft till* above point C is nega¬ 
tive as the hydraulic gradient is below the tube. 

The conduit aliove tho turbine should be well tielow the hydraulic gradient 
to avoid negative pressures * 

14. Critical Gradients and the Hydraulic Jump. Figure 24 is a longi¬ 
tudinal section of an open conduit in which the water is flowing at a depth d 


Entryy Gradient 



Fiu. 24. Longitudinal section Fin. 25. Alternate dept Its in an open 
of open conduit. conduit. 


mid .‘it a velocity e. .Vs indicated in Section 13, the energy gradient lies at an 
elevation above the water surface equal to the velocity head, or h 9 = v 2 /2g. 
From Fig. 24, 

* - d + ; r 

But, if Q is the discharge ]>er foot of width, 


Combining, we have 
which may Ik* reduced to 




Q = 8.02VflM - d* 


144] 


Equation 44 indicates that for given values of Q and h there are three pos¬ 
sible values of d, one of which, however, is imaginary. Therefore, for a given 
discharge, Q, and elevation, h , of the energy gradient, there are two depths, <J, 
at which the water will flow, provided the «lo]>e of the conduit is suitable for 
the corresponding velocity and hydraulic radius. This is indicated in Fig. 25. 
If the energy gradient remains fixed and the discharge increase-i, the two 
stages approach each other and are coincident at the critical depth when ihe 
conduit is discharging the maximum flow of which it is capable. 

♦So far, only steady flow of water lias been considered. For unsteady flow due 
to water hammer, the hydruulic gradient will l>c much lower than here described 
and allowance must Ik* made for this lowering in fixing the elevation of the 
conduit. 
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As a practical example, let h = 10.0 ft. The 
eurvc of Fig. 26 has been plotted by substituting 
this value of h , together with various values of 
rf, in Eq. 44, the width of ciinduit used being 
unity. This eurve clearly shows the alternate 
depths for each discharge of which the conduit 
is capable with a conhtant value of h -- 10.0 ft. 

It also shows that the maximum posable dis¬ 
charge is 97.7 soc-ft, corresponding to a depth, 
cf, of 2h/'.\ or 6.6G6 ft where 'he two stages are 
coincident. 

That the maximum discharge occurs for d * 
2h/fi can be proved by making the first differ¬ 
ential of Q with respect to d in Eq. 44 equal to 



Fm. 26. Example of alters 
nate depths in an open con¬ 
duit. 


zero; whence, 


from which 


(dQ) 

(dd) 


- (2dh - W*) = 0 



|45] 


The deplh rf 2/i/3 is called the "critical depth.” 

The slope ol a channel which will maintain a given discharge at the critical 
depth is called the "critical slojie." Fur a slojie flatter than the critical slope, 



as at the left of Fig. 27, the flow will bo at high stage*. If the slope is greater * 
than the critical kIojjo, as at the right of Fig. 27, the flow will lie at low stage. 
The point where the flow changed from the high stage to the low stage, or 
where the deplh is equal to the erittcal depth, is called the “control point *' 
Uniform deplhs near the critical depth should be avoided in open-conduit 
design, for, under such conditions, very flight irregularities in the conduit 
section may cause the water to fluctuate Jxdween the two stages with great 
disturbance and increased friction. 
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flow conditions occur where the water surface changes from a low stage 
to a high stage. For example, a jet from an orifice as in Fig. 206 and the dis¬ 
charge over a spillway as in Fig. 30a contain flow at low stage jumping to 
the high stage, if the depth of tmlwatcr is great enough. The phenomenon of 
this abrupt increase in depth of flow is termed the “hydraulic jump. 1 ’ 

The equation for the hydraulic jump in horizontal channels without en¬ 
trained air, us given by Gibson 1201 and others, is 

where I) — the doptli of the high stage in feet; 
d = the deptli of the low stage in feet; 
g = the acceleration of gravity = 32.2 ft/sec 2 ; 
r = the velocity ut the low stage in feet jx»r second. 

Where entrained air is present a** in the flow in steep chutes (described in 
Section 16), the equation for the hydraulic jump, as given by Houma,* is 

a ! = pd* + ~(, -pj) |4(i/,j 

where p = the ratio of the volume of water to the total volume of air and water 
at a given cross-section; 

d = the actual low-stage depth of air and water; 

I) = the actiud high-stage depth, assuming that no entrained air remains 
after the jump. 

For the hydraulic jump oil -dopes sec Ref. 21 of Section lfl. However, 
Eqs. 46a and 46ft can be applied to slopes (hitter than 1 on 4. lu steeper 


Energy gradient 



Fio. 28. Two types of hydraulic jump. 

slopes the jump is likely to be drowned out; the jet penetrates lailwatcr, 
and high velocities continue for a considerable distance downstream. 

The hydraulic jump as given by Eqs. 46a and 40ft may bo a direct jump, 
as shown in Fig. 28a or it may tie an midular jump ns shown in Fig. 28ft. 

If h v is greater than 1.5 d or D> 2d, as is usual, the jump will he diroei. 
There will lie a rapid dissipation of energy and a gradual reduction of velocity 

*8ec p. 1473 of Ref. 27 of Section 19. 
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from the Ix'ginning jo the end of the jump. Thin is the best form of jump 
bemuse the How at the lower end is well distributed throughout the depth 
of water. 

If, however, for very low dams with large discharge, h v is less than 1.5d 
or D < 2d, Ihikhnieteff [23] has shown that the jump will he undular and 
does not have such rapid energy dissipation, hut involves a train of standing 
waves extending some distance downstream. Section 5 of Chapter 25 dis¬ 
cusses hot tom protection for the undular jump. 

The hydraulic jump can occur only if the Mow is at low stage, i.e. f if the 
water surface is Inflow the “critical .tage.” From Eq. 45, the flow is at low 
stage if 


That is, 

c 2 

(j tr 

0 


Thus, the hydraulic jump is possible only if 

»' - < v/ffd [471 

Figure 20a represent* a flume 10 ft wide designed to carry 400 soc-ft with 
normal water wiirfnrc in the forebav and with the entrance gate wide open. 
It requires a depth of 5 ft and a velocity of 8 ft per second. The water How’s 
at high si age. 

Figure 20ft represents the conditions of flow during high forebay Wei when 
the gate is only partly open to limit the flow’ to the required 400 sec-ft. The 

.dor issues from the gate at low stage, and, if the flume had suffieient «*lope 
in overcome friction at this high velocity, the water would continue to flow* at 
this depth. However, the flume ha? a slo]K* sufficient only for the low velocity 
and large hydraulic radius of the high-stage flow. Therefore, the frirlion Joss 
is greater Ilian for the slope of the flume, and the depth of W’ater increases. 
The jump will occur w’hen the depth at low stage has increased to 2.0 ft; 
this, from Eq. 4(>a, is the* depth required to produce the jump for u 5-ft depth 
in the flume. 

Figure 30a shows the hydraulic jump at the toe of a spillway dam. The 
water passes from the high stage to Ihe low* stage at the crest and flows down 
the fare of the dam and into the lower river at low stage. The depth, d , is 
difficult to compute accurately. Empirical methods have been proposed* 
For safe approximations Ihe depth, r/, can be assumed equal to the thickness 
of the free-falling jet indicated in Figs. 20 and 21 of Chapter 17. 

The normal high-stage elevation of the water surface in the lower river, cor¬ 
responding to the discharge over the dam, should be determined from a rating 

♦gee p. 75 of Ref. 14 of Section 19. 
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curve of the mcr If the c 01 n spomluu? depth D of the tnlw iter i& greiter 
thin thit indie itnl b> Lq 4b, tin pimp will not omu on the apron but oil 
the bucket of the dim Tf the diptli is lev* thiu unlit itcd hy Lq 46, the 
jump will on in in the n\cr lied dowiibtieini fiom tin ipion The river bed 
will then 1 m "Uhjntfd to the high vi lot it it ^ of thi low-stige flow, lesulting 
in erosion 



For a linn]) oulining dowiistic mi tiom the ipion oik method f obtun 
mg the nquiitd dc jith mil t msing the pimp to omu on the ipion is lo lowc r 
the ipron, ls "'hown in 1 ig M) cKiting whit is known i* i' stilling bism” 
Foi other methods of nnsion control, the rt ulti is uicrud to Art 29, Chap¬ 
ter d, of Re# 14, Action 19 

In determining the elev dion of the w iter sinfice in the lower nver, cii* 
must lie t iken to sec tint it is ronseiv line l\ low smer i lnwei elevitinn 
thin the one assumed would tluow the pimp ofl the ipion 
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Bakhnit tefl ind MitrLe* indie ite tbit tin* length of the Indraulic jump 
in hunzontil rhinneU—thit it, the horizontal distinee requited for the ieduc¬ 
tion of bottom velocity to me in tailw iter telifit'v—will not eveed about 5 D 
lilaisdell [J4J h is hkowu that the length of the hydiaulit j um p tan be mate- 


High stage 



High stage 



( 6 ) 

I in 30 T\ uuj I( s of li\di min pimp 


mlh rcdiiml with i pi ope i m m^iuiint ol ihuu blinks, Inflict aid end 
Mils 

15 The Hydraulic Bore and the Suction Wave in Open Channels. 
11 finite 31 is i pinfili ol 1 1\jnc il open loinluit The nonnil depth it ronstint 
flow pci null width of conduil q is <1 ind the em responding \elocitv i^ v 
It the flow out of the lower end is suddtnh slopped b\ i clo^uie of the tur¬ 
bine Rites, the w iter surtiee it the lower tnd will immednteh rise and the 
huh mile bou, or piessuie w i\e, 4 B will id\ance up the ronduit with a 
velocit\ of piopigition, a The diselnrRc, q f rejerted bv the turbines will 

♦See p 643 ol Rif 22 of Section 19 
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fill the spare ABCE ami crealo automatically ah excess head or force to de¬ 
celerate the flow in the ronduit progressively us the bore advances, the veloc¬ 
ity below the bore being zero and that above the l>ore Wing v. 

A knowledge of the height, AB , of the bore is necessary in order to fix the 
height or superelevation of the sides of the conduit. 

The hydraulic lion 1 is simply another form of the standing wave, dcscrilied 
in Section 14. To apply Eq. 46a for the standing wave to the case of the 



hydraulic bore, it mu>t W remembered that the velocity of How, n, is the 
velocity past the standing wave, and Hint, for the h.ulrauhc bore ad\ancing 
with a velocity a. the velocity of flow past the wa\c is v + Therefore, an 
equation for the hydraulic bore can be obtained by substituting v + a foi 
v in Eq. 46a. 

But 

_ f/ _ dr 

a ~ i)-t.i ~ d -d 

Therefore, 


And, making this substitution for r in Eq. 4«wi, we have 

_ [2 77“>/T V “rf* d 

D -\J (o-iJ+4-2 M 

which is llic equation of tlie hydraulic bore. 

This equation can W sohed only by trial. The value of d is entered in the 
equation, and then different \aluob of D are adopted and substitut'd until 
the serond term of the equation equals the value of J) adopted To assist in 
the solution of this equation, an approximate value' of D may lie obtained 
from the following empirical equation by Kcnnison [251, which is in more 
convenient form than Eq. 48: 

5 
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THE HYDRAULIC BORE AND THE SUCTION WAVE 

So far, friction in the conduit has not been considered. Figure 32 shows 
a practical case in winch a aloix* occurs in the normal water surface. In such 
circumstances the discharge rejected by the turbines must also fill the volume 
Bt'F* which grows larger os the bore advances toward the forebuy. This 
causes n reduction in the velocity, a, and hence a reduction in depth, D f be¬ 
cause the residual velocity lx* tween tlie I Hire and the lower end of the conduit 
is nut zero but has a value equal to that required to fill the ever-increasing 
volume in the triangle B('F. However, this residual velocity must be elimi¬ 



nated after the Inire readies llic forebay, and thus an additional rise of water 
Mirface will be required. Thus, there is a tendency in practice towards both 
a reduction and an increase in the value D. but both aic relatively small and 
can be considered to counteract each other. 

Therolore, for the practical case, the maximum depth of water in the con¬ 
duit can lx* considered equal to D from Eq. 40 at the forebay and, at the 
lower end of the conduit, equal to I) phi* the original conduit friction loss, / 
'Fig. 32l. The high-water surface would then lx* at the same level througli- 
. the conduit. 



A sudden increase* in the demand for water in the lower end of an open 
conduit will result in a Midden drop in the water level at that end. The 
lower level and the resulting increase in slo]X* serve to accelerate the w r atcr 
to meet the increased demand. This phenomenon, indicated in Fig. 33, is 
known as the suction wave and is the direct opposite of the hydraidic bore, 
except that it does not 1 ravel up the conduit as a constant wave; instead, 
the slope of the wave Incomes flatter as it moves towards the upper end. 
In this example, practical interest is at the lower end of the conduit, where 
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*he minimum depth, rf, must be known for exported loud changes. R. D. 
Johnson [26J gives a* the equation of the suction wave: 


'9 *9 

Rut 

Vs 

” a ' ,i 

Therefore, 

A 1501 

10. Varied Flow, (a) General. The flow in open channels having a 
\ unable cross-section or slope is kunun as \aneil flow. Problems in \aned 



flow can Ik* approached most readilv bv Ronimilh’s Theorem, whirh, as indi¬ 
cated in Fig 34, can be written thus for open chnnnels between two stations, 

/Hin0 + rfooh0+ , =- </'coh0 + 4 W 

20 20 

I sin 0 4 rf ros 04 (a/2g) (i' 2 — v 1 *) — IS 
COH 0 


|B1] 

[51 nj 


or 
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where l = the length along the bottom of the channel between any two sta¬ 
tions, in feet; 

d and d! = the depth of water, in foet, measured normal to the channel bottom; 
v and v f — the velocity, in feet per second, parallel to the channel bottom; 

6 and V = the angle of slope of channel bottom with the horizontal; 

a =■ the mean velocity coefficient, which, according to Hall [27, 28], nor¬ 
mally ranges from about 1.05 for smooth channels to 1.00 for fairly 
rough channels; 

g -= the acceleration of gravity = 32.2. 

(6) Steep Chutes Water moving in steep chutes is one form of varied 
flow. Tins type of flow entrains air anrl causes an increase in the ana of 
the section. 

The following procedure, prepared by L. Blandish Hall* for the solution 
of steep chute problems involves the cut-and-try method: 

For a channel without nir entrainment, corrcsjKinding to the two stations 
in part (a), let 

Q = the discharge, in seennd-fect; 
h = the width of the water surface, in feet; 
hi = the bottom width of the channel, in feet; 

8 — the cotangent of the angle of the side slo]ies with the hori¬ 
zontal, in trapezoidal sections; 

A and A 9 = the cross-sectional area or the channel, in square feet; 

R and R f = the hydraulic radius, in feet; 

n = Nutter's coefficient of friction (from Table 3); 

K - the ail-entrainment coefficient (from Table 10). 

For actual conditions with air entrainment, the subscript n U used 
Step 1. Assume a value of r\ from Table 3 for the air-wotcr mixture equal 
to the value normally used without air entrainment for the appropriate sur¬ 
face, and a value of K from Table 10. 

TABLE 10 

Recommended Values of the Aih-kntkainment Coefficient t 

Type of Surface Value's of K 

Flank flumes without battens 0.003 1o 0.004 

Neat cement or smooth metal 0.003 to 0.004 

CVmeiit mortar or Average concrete 0 004 to 0.006 

Rough concrete or smooth-dressed ashlar 0.008 to 0.012 

R ou gh ashlar or smooth cement-rubble 0.015 to 0.020 

fOp rif. 

* Formerly Principal Hydraulic Engineer, East Bay Municipal Utility District, 
Oakland, Calif. 
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Step 2. Since, for all fit cop chutes, the water pusses from the upper gradi¬ 
ent (see Section 14) to the lower gradient at the control, which is usually 
at the summit of the channel, find the location of the control and the values 
of d, A, R. and v on the assumption of no air entrainment. 

For rectangular channels 


For trapezoidal channels 



[52oJ 

[526] 


Step 3. At tliiH point of control, compute the value of p, the ratio of the volume 
of water to the total volume of air and water, from 


_ _l _ 

1 + (Krf'gR) 


153] 


Step 4. Determine the actual values of A n , R a , and d a , with air entrainment, 
all based on the value of 


For rectangular sections 


p 


[54] 


For trajiezoidal sections 


—6i + *\Ai 2 + (MJ/pe) 


Step 5. Also, f<ir this point of control compute « f , tlie effective roughness 
coefficient, from the equation 

—(Sr 


Step fi. Dhiile the channel into a number of reaches of length /, using 
small values of l when the velocity accelerates rapidly and larger Valin's when 
the flow becomes more uniform. The first reach will start at the point of 
control. 

For each reach, values of A } R, p, p , N ff A a and R n are known ut the be¬ 
ginning or upper end, as at St a. A of Fig. 34. 

Step 1. For the lower end of the reach, shown as Sta. B in Fig. 34, assume 
a tentative value of tT and calculate R\ v f and n t \ If desired, subsequent 
calculations are facilitated by preparing a series of curves of the several func¬ 
tions of each section for varying depths. 

Step 8. Average the values nf R and R\ v and r\ and n F and fi fl # between 
the two sections A and B. 
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Step 9. With these average factors, find the average sine of the dope of 
the energy gradient, S, and tlie loss, IS , of energy between sections A and B 
from Equation 10a, using Fig. 12. 

Step 10. From Eq. 51a find the corresponding value of d', which should 
agree with the tentative value assumed in Step 7. If it does not agree, 
Assume another tentative value of <T and repeat the steps. 

In this wav, successive reaches are rainllated to the end of the channel 
or until the energy gradient tjccomes parallel to the bottom of the channel. 

Step 11. After each reach is computed, find d a \ and this will locate the 
final water surface with air entrainment. 

If the chute lias a uniform cross-section, either rectangular or trapezoidal, 
and n uniform slope, a direct method of computation is available * eliminat¬ 
ing Ihc “trial-and-error” method. 



ifg EjjWter Curve d 1H , ^ n_ m 


\*~Reach 6-^j^Reach 5Reach A^Reach 3»|<Reach 2 Reach 1*| 


Fin. 35. Rnrkwalcr curve. 


fare must be taken to prevent the waler from jumping clear at places 
where there is d sudden increase in slope. The profile of the Inittoin of the 
channel should lie well within the parabola that forms the trajectory of the 
jet at the point of grade change with the trajectory computed with a velocity 
»f 1 25 tunc* the mean volocily in the cross-section. 

For details of design at horizontal curves sec Refs. 29, 30, and 31 of Section 
19. For the dissipation of the energy at the foot of the chute or for other 
means of protecting the foundation, see Section 5 of Chapter 25. 

(c) Backwater Curves . The backwater curve, upstream from a point of 
control such as a dam, as indicated in Fig. 35, is another example of varied 
flow. In the case of backwater curves, the water is flowing at the upper 
gradient (see Section 14), the velocity is low, and air entrainment cun be 
neglerted. The general case indicated in part (a) applies directly, except 
that for Eq. 51a the angle 9 is usually ho miuiII that cos 9 can be assumed 
equal to unity. The actual value of sine a, of course, must be used. Also 
the velocity is small enough that a value of a of unity is close enough. That 

is, /a 

l sin 6 + d + -~~- IS '57J 

A/ 


The river is divided into a number of reaches as shown in Fig. 35, although 
tlic readies are much more numerous than indicated there. Each reach should 

♦See Ref. 27 of Section 19. pp. 1407-1408 and p. 1482. 
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include a length that is reasonably uniform in section and shape. The more 
numerous the reaches the more accurate will t>e the determination of the slope. 

Starting with the section at the dam, where the value of d in known, a 
value of d ' for the other end of the reach is tentatively assumed. With these 
values of d and d' the values of the hydraulic radius and velocity at each 
end of the reach are calculated and averaged. With those average values and 
the proper friction coefficient w, the sloi>e and the value of IS are obtained 
from Eq. 16a, using Fig. 12, adding the necessary losses for bends, obstruc¬ 
tions, and sudden contractions and enlargements. 

From Eq. 67 a value of d' is calculated that should agree with the one 
tentatively assumed. If it does not, then a new value of d* should lie tenta¬ 
tively assumed and the calculations repeated until an agreement is reached. 

Values so determined for the upper end of the first reach should be used 
for the lower end of the second reach. 

When a dam is built on a flat, silt-laden stream, silt deposits not only in 
the reservoir but also in the nvpr above the reservoir, raising its lied so high 
that high water is increased far beyond the backwater curve as computed 
for unsifted water. This condition is controlled by many variables, and 
rules for its general solution are nnl available. 

17. Hydraulic Models and Similitude.* (a) Introduction. Hydraulic 
model studies are finding increasing application for checking and modifying 
the aiial>tical designs of h\ draulic structures. Hydraulic models are usually 
constructed so that the scale ratio (L,) of prototy])c to model is from 10 to 
100. The model test provides a preview of the Indiavior of the structure 
under operating conditions, and it gives results of both qualitative and quanti¬ 
tative value. 

A number of well-equipped hydraulic laboratories staffed with men of ex¬ 
perience ill the field of hydraulic cxjieriinciilation arc non available, and, as 
there are many pitfalls for the novice in this field, (he more important hy¬ 
draulic model testing should lie intrusted to such laboratories. 

(b) Criteria /or Similarity . The criteria for similarity are dimensionless 
ratios of physical quantities, the terms depending on the type of forces acting 
Being dimensionless, the absolute values of these ratios mil not be affected by 
the system of units adopted in analysis If two s\stems fsucli as the model 
and prototype) are to lie dynamically similar, the ratio must have the same 
absolute value in each. 

These criteria are 

1. Weber's number for surface tension. W . 

2. Cauchy’s number for elasticity, C. 

3. Reynolds' number for viscosity. It, 

4. Froude’s number for gravity, F. 

♦Contributed by George E. Barnes, Professor of Hydraulic nml Sanitary En¬ 
gineering, and Head, Department of Civil Engini'cnug and Engineering Me¬ 
chanics, Case Institute of Technology. 
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Mince the (fleet of suifuc tension inrl elistiritv is negligible for model 
studies in connection with Imlrockclnc projects, Welier's and Cauchy’ 5 ? num- 
beis Will lie distegirdtd in thi text 

In most such model tests the influence of vis(osit\ is negligible but eich 
c should be cheeked foi the Re\Holds’ mimkr to see thit the model flow 
will not Ik hi the liinunr i mgt but in the turbulent lange Reynolds mim- 
k r is 

i? - [5S] 

w 

wheie l , — model \eloeitv in feet pti see one! 

Im * ui> mewUl length parimeter influencing flow (diimoter, hvdiuilu 
t wlius etc ) (Note tint L m is usuilhy diuneter Wliere other 
length lunetions sue h is he wl, length etc , are used, the value ot R 
w ill difler) 

p ^ nnss density of fluid (if tq) ten vi itei at CiO degrees Fahrenheit 
b2 4/32 2 - 1 ( )4 slugs per cu tfc, 

1 / = eoefheient 0 + nseosity 

>01 pi ictic d pmposcs p/u nii\ Ik issiuneel to be ecpnl to S2 200 see-ft 2 
md R In Ik iquil to it li i*r 2MX) Jims the \ ilu of l, L u should not be 
liss thin 011*01 ll Hi flow is to he turbulent 

In ill such studies the lioiuli uuinbei must Ik used It is 


F - 


1 9 
1 m 

qLn 


[50] 


wt eie q =■ ucclei ition of granty — 32 2 It per second pei second 
(f) Signifnanu of thi FromU A umbu With due illowanee for friction effects 
anel Joi the oidraun 1 inge ot studies in tice fall, flow erver spillwiys, open channel 
flow flow in mtikes, penstocks ete \1rtu1l dynamic similarity obtains when 
the uoude nuiubu is the sum for model uid prototype, lieeause only grasi 
t itionil uul inti ti 1 ioiees uo iqx 1 itive in an} ippree 1 ible degree 

Assuming tint in \ gi\en e isp the F nmde numbei is the mterion for similarity, 
in immednte ilgehme consequence is to est iblish lmpbcit r el it ion ships be¬ 
tween quintities in the prototype uid homologues m the model, as follows 
1 tt J j Q, \, R lt A if / , D n 11 j ana othei common s\mbols denote velocity, 
ehschirpe uei Indi mlic radius, slope length, diameter toughness coefficient, 
ete , for the prototy jk? uid let 1 m , Q w , \ nt R Wf A*, L mt D m , n* denote coire- 
s ponding terms in the model \*t L r denote the scale ratio of prototype to 
mcKlel Then, if F (the 1 louele number) is the same for model and piotot>pe, 
the billowing lelatums ue 10ulily demed for duiaimc smulanty with iebpect 
lo gi iMtational femes umts ol length (head, h>diaulic tadius, diameter, length, 
depth, width, etc ) 
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Froude number 

V * 

F “l 

gL p 

bp * Ijmil-'r) 

length 

Time 

Tp - T m (L r )* 

Velocity 

V P - YJLL, )* 

Areas 

Ap ■ A m (L,) 2 

Discharge 

Qp - 4L(I*) H 

Slopes, accelerations, constants 

Cp - VJL,f 

Power 

y p - 1‘miLr)^ 

Work 

Bp - E m (L r )* 


(d) Coefficient of Roughness in Model Tests. Where roughness of channel 
playe a large part, as in rivers, it becomes' necessary to determine a roughness 
coefficient for the model tluit will make it dynamically similar to the prototype. 
Roughness ratios, determined from the well-known hydraulic formulas given 
in this chapter, are commonly used. 

Using Manning's formula, V = 1 AH\)R 4 \S^/n t and, making the skates in 
prototype and model equal, we find that 

" w = " p 1(501 

where n m is coefficient of roughness in model; 

n p is coefficient c)f roughness in prototyj>e. 

A similar relation can he obtained for any of the oilier formulas indicated 
in this ehapter as lieing applicable. 

(e) Example . An open rectangular flume with di online, flow i*-. to fonn 
the hydraulic jump. (Width 10 ft, depth before jump 2 0 ft, velocity lie!ore 
jump 40 ft ]>er second.) The hydraulic jump formula, 


Z) 2 - 



Di 

2 


in which D\ and Vi are depth and velocity before jump und Dz is depth after 
jump, is based ufioii gravitational forces only. If the Froude number for simi¬ 
larity is used, wliat will be the diaractcristicb of the jump in the model on a 
scale of 16? 

By the nlwve formula, = 13.1 ft. Q = 10 X 2 X 40 = 800 sec-ft. 

w _ 

gDi 32.2 X 2.0 


which also holds for the model in 


F 

where L r is the scale ratio. 


!4on//,,H 2 

32.2 x"2(l//-r) 


24.8 


By the relationship previously stated, the model will have the following 
dimensions: 
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Di - 20 (i)-s- 0 - ,25, ‘ 

Fi *>> 40 ^-)** — 40 (— 10 ft per necond 

g ” 800 (by *= 800 (bT ■ °- 78i Rec " ft 

ft-m (,!;)-'31 (f„)-»S2 ft 

Incidentally, tlie atiove model values for 7)j and velocity, if substituted in 
the hydraulic jump lormul'i, will Rive D* *= 0.82 It, thus verifying the similarity 
condition. 

Flow in the prototype will obviously be turbulent. Flow in the model must 
likewise be turbulent il V m Ijm exceeds 0.0304. To cheek this, compute V m L mt 
using 4r (4 times the hydraulic radius in the model) os tlin equivalent of L H . 
This is necessary, because R = 2500 fur turbulent flow is based on flow in a 
circular section where L is the diameter of the circle and equal* 4r. Thus, 

VJ, m = 10 X 0.358 = 3.58 

Since 3.58 exceeds the required value of 0.0304, flow in the model will be 
turbulent, and Reynold*' numlier lines not apply. 

18. The Flow Net. Hydraulic problems involving varying velocities and 
eonsoquently pressures deviating from the conventlonal hydrostatic law cau 
be solved hy mean* of a flow not As indicated m Fig. 30, a flow net is a 
graphical representation of the flow condition* and con*ist* of stream lines 
. ud oquipotential line*. The *tream lines, called $ Imes in Fig 36, are conju¬ 
gate functions of the equipotential line*;, oi d lines. In fonn and construction 
this flow net is similar to tbit for seepage through porous mediums such as 
earth foundations, as explained in Section 4c, Chapter 25. 

The procedure for constructing the flow net in Fig. 36, according to Lane, 
Campbell, and Price |36|. is a& follows. 

Step l Extend the upstieam lace ol the dam upward to intersect the 
headwater level at point O. With point 0 as a center and with a radius of 
2 or 3 times the head on the dam, draw the arc of a circle representing 0 = 0 
lietween the upstream face of the dam and the water surface. 

Step 2. Divide the equipotential line, 0=0, into a number of equal parts. 
Beginning at this lme, roughly sketch the entire flow' net with curvilinear 
squares, guessing the boundaries of flow as accurately as possible. 

Step 3. By a cut-and-try procedure adjust the flow net until it satisfies 
the criteria that the length and width of each square are equal and that all 
linos intersect at right angles. 

Step 4. Establish a scalar value of velocity by computing the surface veloc¬ 
ity at any point A, from v = V2 gh~ Solve for the pressure, at any point, 
by Bernoulli's Theorem. 
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For a detailed description of methods of constructing and solving the flow 
net, see Refs 36 and 37 of Section 10. 

The employment of the flow net is limited to situations where friction and 
eddy losses do not have a controlling effect on the velocities or pressures. In 
two-dimensional flow, as in flow over straight spillwav dams, the flow net lias 
produced good result. In three-dimensional flow, however, as Tor a “morn¬ 
ing-glory M jet, the flow net gives approximate results and should serve iiiainh 
as a guide for the con*»truction and testing ol a model 



Fin. 36. Flow net feu twu-diiiiinsioii.il firm mer n dun (Cit'd Kntj Oitnbei 

1934. v 310 ) 


19. Bibliography. The billowing leieiencrs aie .m.iiurcd leeoiding to 
the topics of this chapter. However, Mime ma\ be consulted for lel.ited data 
fin other topics. 

Crr mial: 

1. H W King, Handbook oj II iph aula s, 3 k] ml, MrOinw-HilI Rook i/> 
New Yoik, 1939. 

Flaw thwuqh On/rcrs, Tub(\, mid 1 wnsittons: 

2. C. B Stlwaht, “ln\tstiftalion oi Flow thinugh bulge Submerged OnficcF 
and Tubes,” T ntv. }l r i/H'orr>ni Bull, 21C, 1008 

3. J Hinds, "The Hydraulic Design of Finnic and Hiphon Ti an si firms/’ Train 
A£.C£., 1928. 

Lo*se* in Conduit fit nd*: 

4. K. H Bmj, “Pressuip Lossc*s for Fluid Flow m 90° Pipe Bends ” Natl. Bur , 
Standard* Bistarch Papa RP 1110, July, 1938 

5 D. L. Yaknkmj and F A. Xvjujf, "Flow of Water around Bends in Pipes,'" 
Trana AJS.C.E., 1935. 



BIBLIOGRAPHY 


149 


Vmting and Dividing 'Flow: 

6. E. Kinne, “Low of Hr ml at Branches Determined for Water Pipes,’ 1 trans¬ 
lated by E. E. Halmos, Eng. News-B(r mf May 12, 1932. 

Skin Friction ('ondull Lows: 

7. G. H. Wilma ms and A. Haikn, “Hydi unlit* Tallies,” 3rd ed. t John Wiley & 
Hons, New York, 1920. 

8. F red C. Hnisin, “The Flow of Water in Riveted Steel and Analogous Pipes,” 
I/. *S. Dept. Ayr. Bull. 150. 

9. Fred C. Sim\, “The Flow of Wider in Wood Htuve Pipe.” V. S. Dept. 
Agr. Bull. 376. 

10. Fred (\ Srom.r, ‘‘The Flow of Baler in Conm-lp Pipe,” T\ R. Dept. Agr. 
Bull. 852. 

11. Fred t\ Scyibk/i, “The Flow of Wider in Irrigation and Himilar Canals,’ 1 
V. S. Dipt. Agr. Bull. 052. 

12. Fred C Sooiiky, “The Flow of Water in Flumes,” V. S. Dipt. Agr. Bull. 
393. Deeemlier 1935. 

13 C. E. Rammer, “The Flow of Wider in Drainage Channels” V. R. Dept. 
Agr. Bull., 129. 

Flow oik i Dams: 

14. W P. Chem.mi J D. Justin, and J. Hinds, Enginiermg for Du ms, John 
Wilev A' Son'i, New York, 1945. 

15. R. E. Horton, “Wen Experiments, Curffirioiit* and Formulas,” V. S. Ocol. 
Sum y IFii/ir Supply Papn 200, 1907 

16 L Cl. Pi lh, “Spillway Discharge Capacity of Wilson Dam,” Tram. AJiA'.E., 
1931 

17. F A. Nmii.vh and A Dvvis, “Experiments on Dixrhurgc over Spillways and 
Model*. Keokuk Dam,” Trans. AB.C E., 1930. 

18 II. Roush uml L Reid, “Model Research on Spill wav (Vests,” Civil Eng., 
Janiiaiy 1935. 

19. () Dill van, “Uiilcrsurhimgon an tMiorf alien,” Mitt. Hydrant. Inst. Tech, 
llochs. Muucken, llefl 7, Oldenhmirg. Munich, 1933. 

Hydraulic Jump: 

20. A. H. Gibhon, Hydraulics and Its Application s, John Wiley A Sons, New 
York, 1908. 

21. C. E. Kimihwteh. “The ITydiaulic Jump in Sloping Channels,” Trans. 
AS.C E.. 1944. 

22. B A Bmshmuti<fk and A E Matkke, “The Hvdnmlie Jump in terms of 
Dynamie Similarity,” Turns. AR.C.E., 1936. 

23 H A B\khmi teff, “Il\ draulic «• of Open Channels," McGraw-Hill Book 
Co, Niw York, 1932. 

24. F. \V. Be u^dlll, “Development and Hydraulic Design, Saint Anthony 
Falls Stilling Basin,” Pror. AB.C.E., February 1947. 

Hydraulic Bore and Hurt ion TTVirc: 

25. K. R. Kknnihon. Discussion, “Surges in an Open Canal,” Trans A S C.E.. 
1917. 

26. R. D. Johnson, ‘'(Correlation of Momentuin and Energy Changes in Steady 
Flow with Varying Velocity, etc.” Pror. Engr*. Club , Phila., July 1922 
Varied Flow: 

27. L. Ktnndwh H\ll, “Entrainment of Air in Flowing Water, Open Channel 
Flow at High Velocities.” Trans. A.S.CJ ?., 1943. 

28. L. St\n dish 1Iai.l, “The Influence of Air Entrainment on Velocities in the 
Design of Stoop Chutes” Pror. Hid Hydraulic Con/., T'niv. of Iowa, 1946. 

29. Auttu t r T. IrrMs and Robert T. Knait, “A Study of High Velocity Flow 
in Cun oil Sections of Open Channels,” Report for tlu Los Angela Flood Ccm- 
trol Dist., Calif. Inst, of Tech., March 29, 1936. 



160 


HYDRAULICS 


I Chap. 81 


80. Arthur T. Ippen and Robert T. Kn^pp, “Experimental Investigation of 
Flow in Curved Channels," Report fur the Lob Angelv* Flood Control Dial., 
Calif. Inst, of Tech, July 6, 1038. 

31. (J. E. RttmSELl. Hydraulic*, 5th nl., Henry Holt & Co., New York, 1942. 

32. J. G. Jobes and J. H. Douma, “Testing Theoretical Losses in Open Channel 
Flow,” CiutY Eng., November 1942. 

Hydraulic Model* and Similitude: 

33. G. E. B4km>s, “Hydraulic Model Studies/' Ref. 14, Chapter 4, p. 91. 

34. C. V. Davis, Handbook of Applied Hydraulic*, McGraw-Hill Rook Co., 
New York, 1942, Section 23, p. 1031. 

35. Hydraulic Modth, Manual of Engineering Pnictirr, No. 25, American 
Society of Civil Engineers. 1942. 

Flow Net: 

36. E. W. Line, F. R. Campbell, and W H. Pmn:, “The Flow Net nnd the 
Elertriml Anulogy,’’ Civil Eng., October 1934, p. 510. 

37. If. A Foster, “Construction of the Flow Net for Hydraulic Design," 
Tran*. AJS.C.E., Vol. 110, p. 1237, 1945. 



CHAPTERfl 


HEAD, POWER, AND EFFICIENCY 

1. Head. The qrou head on a h\ rlioelpclne plant ib thp difference b* 1 - 
tw pen headwater elevation and tail water elevation when thp plant is not in 
operation The puss head varies with the conditions of flow in the htream 
and mas bp veiv different at time of inininuun stream flow from what it is 
when the stream is in flood Unless quilified, the usual or normal gross head 
is understood 

In considering the economic advibability of a piojcct, 1 * ib important to 
know wluit variation m Rios- head may be expected through the veaib and 
alho the extreme variation from minimum to m iximum gross head Thus a 
low-head plant on a nvei subject to gic.it floods, such js the Ohio, may have 
such a small minimum gross head tint operation ol the plant will tie imp tired 
or the turbines be entuely unable to ojieiatc at time of gloat floods, in whirh 
event the plmt would have little nr un firm npacitv (see Section 3, Chapter 
15) 

Onh a pait ol (he gross hi id cm be utilized in producing ])owcr. There 
an* losses ol head in the penstock and ronduits or hpndrace snpplving the 
tmbines, losses in watei pissiges of the power plant, and losses in the tailrart. 

The ibffeience in the elivilion ot water suriaie m a tailinre for no plant 
dischaigc and for full plant disrhaige with all water flowing through the plant 
ma\ be iiom 4 to 12 It \\ ltb a low-head plant this loss may bo a substan¬ 
tial iieicentage ol (lie held dvadabk 

Within limits all these losses aie eontioll ilde, since they deirenso with m- 
( teasing si« of water pass iris Fin inv given sei ol rondilinns, tlieie is n 
pumt wheie additional cxpemhlims tin uieieising the size of these water 
passages will no longer piodiue a sili-l uton letuin on the .ulditional imext- 
ment Thus n is one linutnm ol the engineet to deleiniuie what head losses 
it lb eeouomu.il to mem foi a pioposed hyilioelictnc project 

The rut hiad or rffuttm luud on i hydroflcdiic plant is the gross head 
minus all losses above enhance to the seioll cas* and lielow exit from the 
clidlt tulie. The \meiuan Sonet v of Meehimeal Engineers' Test Code for 
JI\druulie Pninc Moveis (PMb) defines effeetive head as "The total net 
height ot the waler column efleetne on the turbine runner when generating 
powei” (nee Fig 1). 

Net head vanes with the gross he id, and in addition it vanes with the load 
on the unit l>re<iuse the fuetion and velocity losses mricasc approximately 
Ob the bouaic of the diMhaige The net head at full lewd for low-head devel- 
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opmcnts with very short or no ronduits or tail race may he nearly as much 
as the gross head; hut for high-head developments, requiring long eonduits, 
the net head may be only 90%, or even less, of the gross head. Unless other¬ 
wise qualified, the term net head is understood to mean the net head, full 
plant discharge under normal or usual stream-flow conditions. Minimum 
net head lirnils the firm capacity of the plant (see Section 3, Chapter 15). 



Fin. 1. EITri-tnc head on a livdio plnnl. 

Drawdown for pondage vanes with tlie topographical features at the site 
and with the nature of the load. For low-lieml development^, the average 
drawdown required is not often ill excess of W/< oi the lotal head, and for 
very high-head developments it w usually negligible. 

If the lake at the dam is to lie used for storage, tlie extent of diawdnwn 
may lie a large perecutage of the total head, depending upon tlie relative 
value of water and head. It is evident that the last of the water from the 
reservoir is of no praetirnl value if all Ihe available head is used uj to provide 
it. Special rases of excessive drawdown are those in which the turbines are 
installed at storage reservoirs ns supplementary units to other developments 
for which the reservoir is regulated. 

The productive head is that head which, when combined w r ith average dis¬ 
charge, gives average output. The net head cormq Minding to average dis- 
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rhiirgc is greater thafi the productive head and, if used, will give too large 
a calculated output, at explained in Section 2. 

2. Energy, Work, and Power. Enirgy in the ability to do work. Work 
is the utilization of energy and is equal to force times distance. Both energy 
and work are measured by the some unit; the fool-pound (1 lb raised 1 ft) 
being the primary unit in the English system. In hydroelectric work the 
kilowatt-hour i* the usual unit of energy and equals approximately 1,470,000 
ft-lb. The potential energy of a volume of water is the product of its weight 
by the head, or vertical distance it miy be lowered. In the transformation 
of this energy into useful work, part will lie lost in ihe conduit system and 
part in tlio apparatus of the development. 

If a volume of water in a storage reservoir is allowed to pass through the 
turbines under a constant net head, the energy of this water delivered in the 
form of work is 

K = wY(H-h f )e pi 


when* K 
w 

r 

H 

h 

e 

Also let q 
t 

T 

Vn 

Vk 


energy in foot-pounds; 
the weight of 1 cu ft of vuiter in pounds; 
the volume of water, in rubic feet; 
the gross head, in feet ; 

the head lost in the conduit system and tailmee; 

the station efficiency, expressed ns a fraction. 

the discharge or a stream m cubic feel ]>er second; 

a period of time in seconds; 

a jieriod of time in hours; 

hoibcpowcr; 

kilowatts. 


If the discharge is passed 
during the period t is 


through the turbines, the total volume V used 


which, if used in Eq. 1, gives 


K = irqUH - h/)e 


121 


which in the delivered energy oi tlie rtrewn during the period t. 

Power 1h tlie rate of work, or the work done in a specified time. The usual 

JTJ m tl. Ov) “ow»« *•) «** 

r™pc1ivri.v, MO in.I m Mb ,.t wwnd. The l»™ V <» A 

fl-lb of energy in time t is 

13] 


Vh 


r 

--- horsepower 


PK « 


or 


-- kilowatts 
737* 


[41 
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Substituting tlie value of K from Eq. 2, add using the usual value * of 62.5 lh 
in place of w, the expreaflion for jiower in 


or 


Vb 


q(H - h/)e 

8.8 


Pk 


g(ff - h/)e 
II.S" 


[51 

W 


Energy may be expressed in horscjxwer-hours (lip-hr) or kilowatt-hours (kw-hr), 
and Eqb. 5 and 6 may l>c converted into 


hp-lir = phT 


q(ff -J>j)eT 

fc .8 
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kw-hr 


PkT = - - TTh — 


m 


where T is the period of flow in hours. 

3. Determination of True Output and Average Power. Equations 
5 to 8, inclusive, arc the basic expressions used in calculations fot power and 



Fin 2. Net head anti powei foi case in which discharge vanes iiom 0 to 500 
soc-ft al end of 10-ln pound. 

energy. Equation 1 * 5 and fi are correct for power at any instant, and Eip. 7 
and 8 are correct onlj if c/ is constant during the period T. If q vanes 
during the period, h f also v/mes, but not in direct proportion because it is 
approximately proportional to the square of the conduit velocities. There¬ 
fore, as indicated below, the net head, H - h r . corresponding to average dis¬ 
charge, cannot be used in Eqs. 5 and 6 to calculate average power or in Eqs. 

♦The weight of 1 cu fl of water vnrieR, for all practical proposes, between ver\ 
narrow limits, and foi ordinary computations may lx* taken ns 02J5 1b pci cu ft. 


TRUE OUTPUT AND AVERAGE POWER 


105 


*ia r 1 ? 11,111 ’ ,f nrTKJ 0Ut P'^ during a Riven period, unlew the friction 
head, h f , is very «nnall or q w practically constant. 

In Fir. 2, values, of q, H - h f , and p u are mrlieuted for a case where q 
varies from 0 to oOO Mje-ft at the end of a 10-hr period. The equations 


are 


and 


11 - h, 


100 - 


t 

10,000 


Pa 


q(H — hf)e 

8.8 


<l(H - h,) 
11 


efficiency, e, being asMimed equal to 80#. 

The average power during the period, calculated flora the curve, m 1900 hp. 
The average discharge during the period io 250 heeft. The net head, corre¬ 
sponding to aveiage dischiuge, a. seen to be 93.75 ft. If this value of net head 
weie used to determine ihe average horsepower during the period, the errone- 
ouh icMilt would be 


PH =■ 


250 X 93.75 

Tl 


= 2130 hp 


which it- wn 1u be considerably greater than the tiue value of 1990. 

Calculation'- necessity to (leteimine the tme a>eiagp out]>ut, as indicated 
for Pig 2, aie loo laborious tor practical um\ and an aiiproximule co nod ion 
is made by imiUiiil> mij the head corn spout Ling to average diHcharge by a co- 
cihciont, C\ or, letting 


Pu = average horsejMiwer during a given jicriod; 
Vk ■* average kilowatts during the ]>erind; 

Q = average discharge during the period; 

Ilf = conduit losses corresjKuiding to Q. 


Then 


Pn = 


l J h - 


hp-lir = 


kw-lir =■ 


Q(ff - ril,)e Qhc 

' 8jf ~ 8.8 

ffl 

Q(1I - ril f )e Qhe 

11.8 ” 11.8 

[10] 

Q(1I - CII f )eT _ QheT 

8.8 8.8 

mi 

Q(II - Cn,)eT QheT 
llTs 11.8 

U2J 


(II — CH f ) « h is termed tlie ivrodurtiw Jtend, It is always equal to or 
smaller than the net head corresixmding to Q. In the preceding example, 
r » 2 and the productive head is 100 — 2 X 6.25 — 87.5 ft as compared with 
the head, 03.75 ft, corresponding to average Q. 
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Th 6 value C is theoretically obtained by dividing the total period into a 
number of equal intervals of time bo small that the discharge is practically 
constant for each interval. 


Let qu 52 , etc. = the averuge dim barge (luring eucli interval; 
n = the number of interval*. 


Then 


r _ ?i a + 02* -I- Qn* 


[ 13 J 


In practice, however, the load curve or variation in demanded power out¬ 
put is flint known and Q is desired. In such cases, C may lie approximately 
determined by substituting power in place of discharge in Eq. 13. 



Valufl of c 


Fin 3 Values of C in Eq 13 

C tends to increase as the load fart or decrease*. An approximate relation 
between V and load factor is indicated in Fig. 3 , in which the plotted points 
were computed From a number of typical load curves of public-utility plant*. 
The error involved in the u*c of Eq*. 5 to 8 inclusive is not on the side of con¬ 
servatism lmt will ordinarily |>c negligible if the conduit losses are small and 
will not exceed about 4 ( l unless the head lo *1 in the conduit *yslein at full 
load is in excess or about 10 "? and the Load factor Inn than 30'?. Therefore, 
the use of Fig. 3 to determine the coefficient C for u*e in the more accurate 
Eqs. 9 to 12 inclusive will ordinarily give re*ult> well within the degree of 
precision desired. 

4. Efficiency of Apparatus. 1 ho unavoidable losses in rhe generation 
and transformation of the energy of a water-power development, and in its 
transmission to the poinl of ullimate use, frequently amount to a largo part 
of the total energy available. As already indicated, the losses in the conduit 
system are accounted for in the use of net or produrlive head at the turbines 
and are not charged against the efficiency of the station. The energy lost in 
thp various types of apparatus required for the generation of mechanical 
euergj bj r the turbine, its conversion to electrical energy by the generator, 
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its trnnsfonnation to'kigk voltage suitable for transmission, its transmission, 
and its transformation to low voltage suitable for loral distribution is meas¬ 
ured by the efficiency of the apparatus. 

Efficiency is the ratio lietween the power delivered by a machine or other 
apparatus and the i>ower supplied to it, usually expressed as a percentage. 
Thus, if 8000 kw is being supplied to u turbine by the water passing through 
it and 7000 kw is delivered to the generator shaft, ihe efficiency of the turbine 
is 87.5%. If the generator then delivers 6500 kw to the bus-bars, the effi¬ 
ciency of the generator ir 9.‘1%. The combined efficiency of several machines 
is the product of their individual efficiencies. In the preceding case, the com¬ 
bined efficiency of the turbine and generator is 81.5%. The efficiency of the 
station is generally considered as the ratio lietween the energy delivered to the 
low-tension side of the stci -up transformers and the energy supplied to the 
turbine, and is the product of the efficiencies up to that point. 

This facilitates comparison with steam plants because, for steam plants, 
Ihe output is generally recorded as at the low-tension side of the step-up 
transformers. Frequently, however, the steam plant is located near the center 
of the market, whereas the kjdro plant may be remote from it. In order to 
put the hydro output on a comparable basis, then, the cajKicity and output 
of the hydro plant must be reduced by the looses of transformation aiul 
transmission to some location which w as favorable fen distribution as that of 
the comparable «1eam plant. 

The efficient of the various forms ot apparatus used in a hydroelectric 
a stern is not constant but changes with the load The variation of efficiency 
with power depends upon the rbaracteristics of the apparatus and is often 
determinable only b\ tests. Typical efficiencies of apparatus and transmis¬ 
sion-line efficiencies for a single-unit h\ droeleetnc station are given in Fig. 4 
an.I for a three-unit plant m Fig. 5. It will be noted that, with the exception 
of the transmission line, the efficiency for small percentages of full load is low 


for Ihe single-unit plant. „ , . 

However, the above is not usually a sound reason for refusing to consider 
a single-unit plant. Modern power systems generally include a multiplicity 
of generating unit-, both steam and hydro. Consequently, a single-unit plant, 
possessed of pondage, may generally be operated at or near the point of max¬ 
imum efficiency or not at all. There is fiequenlly a material over-all saving 
in installing a single medium-sized unit instead of several very small unit. 

of the same total capacity. . . 

Actual efficiencies of apparatus are frequently found to he several per cent 
higher than guaranteed, but it is nut safe to count on this possibility. The 
efficiency of turbines, generators, and other types of apparatus vanes some¬ 
what with their size. Small units may have slightly lower, and large umts 
higher efficiencies than those shown in Figs. 4 and 5. The maximum ^icn- 
cies J far obtained for very large turbines and generators are alnmt 94 and 
97%, respectively, at points of best load. 



Per cent of efficiency 
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Per cent of plant capacity 



Fig. 4 Efficiency of typical Fig 5 Efficiency of typical 
single-unit hydioelccfiu do- iLiei-mut IndioclettriL de¬ 
velopment. \ elopmc nt. 
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Transmission-line efficiency iq seldom lew lhan 90% even for long lines; 
hut, other things being equal, long lines will have lower efficiency than short 
lines (fare Chapter 43) The efficiency of the 60-milc, 220-kv Conowingo 
luie, for instance, is approximately and over-all efficiency from water 
to input side of tr,'informers at terminal is approximately 79%. 

For detailed information on turbine efficiency see Section 8, Chapter 38, 
and for generator and transformer efficiency sec Sections 5 and 37 of Chap¬ 
ter 41. For the variation of turlnne efficiency with changes in head, see 
Section 17 and Fig. 24 of Chapter 38 



Ft*. 6 Elfecl of nunilHi of units on o\pw11 pi ml iffuienrv 

6. Effect of Number of Units on Plant Efficiency. Fipire 6 shown 
a tvpiral rompim-oii of o\rr-.il1 rfhc-Hunc- bciwocn plants roufammg the fol- 
lowing coin!nn.itwin* of similar units: 

1. A single unit. 

2. Two units ol equal size. 

3 Three unite of equal sjfr _ . . 

4 Two mills, our oi one lliml and Hit otlior two thirds of station rapnrity. 

>j intinili* nnmhri of units. 
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The scheme providing two unils of unequal size (4) is an unusual type advo¬ 
cated by very few engineers. It has the name efficiency as a three-unit plant, 
but it is probably not much, if at all, less costly than a three-unit plant and has 
the objection of nouinterchangcahility of purls. 

It is seen in Fig. 6 that a two-unit plant has decidedly better average effi¬ 
ciency than a single-unit plant, but the advantage of a three-unit plant over 
a two-unit plant is less marked. It is interesting to note the rather small dif¬ 
ference in efficiency, for 30 to 100% of station capacity, between a three-unit 
plant and a theoretical plant containing an infinite numlwr of units. In a 
hydro plant which has pondage and which is part of a large interconnected 
system, the number of units in the plant makes very little difference in over¬ 
all efficiency. In effect, the entire system is a single plant and nearly all the 
units are operated at point of maximum efficiency or not at all. Without 
pondage or with deficient pondage, the efficient utilization of the available 
water supply may make advisable the use of a numlier of units even though 
the size of these units mav be smaller than would otherwise lie economical. 

6. Average Over-all Plant Efficiency. The output and caparily of 
steam plants is generally stated as at the low-tension side of the step-up 
transformers. Correspondingly, the output capacity of hydro is tuken at the 
same point and over-all plant efficiency (or elation efficiency) is measured 
from water to the low-tension side of the step-up transformers (soc Section 
1 of this chapter). 

Many large modern hydroelectric plants have an average over-all plant 
efficiency of 80 to 83%. This and efficiencies given in Table 1 are based oil 

TABLE 1 

Typical Avhrage Efficiencies of Modern Hydroelectric Plants Which are 
a Part of Larue Power Systems 


Turbines 

Per Cent 
Efficiency 
87.0 

Per Cent 
Accumulative 
Efficiency 
87.0 

Generators (including excitation and 
station use) 

95.0 

82.6 

Ste|>-up transformers 

98 0 

81.0 

Transmission line 

96.0 

77.9 

Bteiwlown transformers 

98.0 

76.3 

Over-all plant efficiency 

.... 

82.6 


net head in accordance with usual practice. Tf based on gross head the effi¬ 
ciencies stated would, in general, be from 10 to 15% less. Station service use 
of power which is included in deriving the above is generally less than 1%. 

As the load, and lienee the efficiency, is not constant, the average station 
efficiency for use in computing energy available from stream flow depends 
upon the shape of the load curve, the apparatus employed, and the variation 
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in htad For units of more tliau 50O)-k\i c ipuitv, having a variation m head 
not m excess of 'ihout 10%, Tiblc 1 givt^ ron^rv itive ^ alues of average 
efficiency for a plant having two or more units generating for a typical nearby 
general city load on a lirge system 

The efficiency of turbines demises with age only if proper maintenance 
■inrl repairs are niglinted Ihe efficienciob ot gt iterators and transformers 
are practicallv peiinment il the insiilition is not allowed to deteriorate 
Transmission-line efficiency changes only by ldson of daimge to the wire or 
lnsulitoib oi by shoit-circuiting Under ordinary conditions no allow tnce 
need be mule for reduction 1 - in efficiency with igc, if there is ample oppor¬ 
tunity foi thorough inspection at iiequent intervals and for proper mam- 
ten am e 

Jor efficiency tests on hi droelectne pi ints, see Section 22, Cbipter 38 The 
sanation ol luibinc efficiency with changes m head is gnen m becUon 17 and 
Fig 24, Chapter 3b 
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PONDAGE AND STORAGE 

1. Pondage. A hydro plant in Raid to hnvo ample pondage if the capacity 
of the pond above the intake in sufficient to take care of the kour-lo-hnur 
fluctuations of the load on the plant throughout the period of 1 week (hoc 
also Section 4, Chapter 11). Some ponds, though large enough to take care 
of some load fluctuation, cannot do so throughout a period of a week during 
time of minimum stream flow. The plant is then said to have deficient 
pondage. 

Low-head run-of-river plants on navigable streams, such as the Ohio, the 
Tennessee, and the Kanawha, usually have deficient pondage or none at all 
because pond level must be maintained within narrow limits at a predeter¬ 
mined level. With no pondage, the firm capaeity (Section 3, Chapter 15) of 
the development could be equal only to the power whieh the uwumuui flow 
of the stream would produce, whereas with umplc pondage the ii^talhlion 
might advisedly be based on 10 to 15 times the mnmnum flow (see Chap¬ 
ter 15). 

2. Effect of Pondage on Plant Capacity. The advisable eapaeity of a 
hydroelectric project depends upon the extent to which ihe installation may 
be utilized wnhin the limits of the connected load curve (see Chapter M) 
The following examples will serve to indicate the various limitations of u 
water-power development as affected by maiket rcquiioiiientb, capacity, 
pondage, stream fluw T , and steam plants. 

Cast 1 1. Plant capacity equal to peak drmaiul 
(a) With ail equal i pondage 
(h) Without adequate pondage 

Case 2. Plant capueity less than peak demand. 

(a) With adequate pondage. 

(b) Without adequate pondage. 

Case la. In Sketch A of Fig. 1 the uniform stream flow, minced to kilo¬ 
watts, is shown slightly greater than that corresponding to avenge power 
demand. 

Assuming the pond to be full at 8:15 a.m., a portion, P, of the load be¬ 
tween 8:15 a.m. and 10:40 p.m. is generated from water drawn from pondage. 
Between 10:40 p.m. and 3:30 a.m., the excess flow, F lequal to /'), not re¬ 
quired for power, is used to refill the pond, and the remainder, L, of the excess 
flow must be w’astcd over the dam. 


1G2 
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In Sketch B , the flow is shown exactly equal to that required for average 
demand. The pond is drawn down between 7:40 a.m. and 11:00 p.m. and re¬ 
filled during the remainder of the day. As the flow corresponds to average 



















power 
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Case 16. If no pondage is avail aide, the flow cannot bo regulated, and all 
demanded load, above the “power in the stream” lino of Sketches A, B, and 
C, of Fig. 1, must Ik* supplied by steam or by some other source. 

Case 2a. At* indicated in Fig. 2, the installation is inadequate to the peak 
demand. In Sketch A the power in the* stream is shown to lie in excess of in¬ 
stallation. No pondage w utilized, and all flows, L. above the load curve and 
the installation capacity are wasted. Steam would be called upon for the 
load A. 

If the power in the stream is less' than plant capacity, ns indicated in 
Sketch B, the excess early morning flow, F , ih ]Mjnded and utilized between 
0:15 a.m. ami 12:45 a id , the whole flow being utilized for power. For this 
distribution of the loud, the steam plants would lie.required to provide the 
deficiency, A , of out pul. \ belter distribution of loading, however, is pos¬ 
sible. Steam plants opcifite with best efficiency on a uniform load. There¬ 
fore, with adequate pondage, the distribution of load shown in Sketch B is 
lews advantageous than that indicated in Sketch (7, where the flow is utilized 
to allow (he steam to operate on a more uniform output. The stream flow, F 
during the early morning, is held in tin* pond and utilized during the day to 
carry the peak of tin 1 load, P. This distribution requires considerably more 
pondage than that shown in Sketch B. In both cases, the whole flow is 
utilized. 

From Fig. 2 it ran 1 k» calculated that the average demand Mow the water¬ 
power installation is 4250 kw. Therefore, the line IIJ of Fig. 2 indicates, for 
ihis example, the maximum possible output from water power with ample 
stream flow. 

Tasc 2b. Without pondage, the water-power output capacity, for flows 
1 than 4250 kw, is exactly the same as for Case 16. 

\ daily load curve has been used in the foregoing discussion; but a similar 
study, based on a weekly load curve as indicated in Fig 8, Chapter 14, must 
be used if the Saturday anil Sunday loads are different from those of week¬ 
days. Moreover, studies are usually made for the four seasons of the year 
if the seasonal load is variable. 

Also, for the sike of simplicity it has been assumed that the power supply 
system consists of the one hydro plant and a steam plant. For the discussion 
of factors leading to the determination of the capacity of a proposed hydro¬ 
electric project, see Chapters 14 and 15. 

3. Flow Demand. The flow demand is the streuin flow required to inert 
power demands. Tims, for a run-of-nver plant which is part of a large 
power system, flic flow demand is equal to the full plant discharge in second- 
feel. Unwc\er, flow demand is not always equal to plant discharge. Thus, 
consider a plant with ample pondage, w’hosc full plant discharge is 10,000 
sec-fl, which is connected to a large load such that all the installed capacity 
will bo firm capacity (see Section 3, Chapter 15). Jf it operates on a mini¬ 
mum capacity factor (six* Section S, Chapter 12) of \Wr f the flow demand 
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will be 3000 sec-ft for the 24 hours, but the maximum flow demand will be 
10 f 000 soc-ft (plant capacity). 

4. Studies Involving Pondage, Storage, and Output. In computa¬ 
tions for power and energy available from a hydroelectric development during 
a given period, it is customary to convert the number of kilowatts of power 
needed to meet requirements to its equivalent in secuiid-fcet of flow demand. 
The flow demand is then used as a basis for estimating storage requirements. 

The application of hydrographs, mass curves, duration curves, and analyti¬ 
cal methods to calculations of storage requirements and estimates of output 
will be given in this chapter. It will be scon that each of these methods has 
particular usefulness in special cases; but frequently the choice of method, 
though depending to a considerable extent on the nature of the problem, is 
dictated by the preference of the engineer and the manner in which the results 
of his calculations arc to be published. 

Methods suitable to four general cases an 1 outlined briefly below. Where 
several methods are indicated, the first is usually the authors' preference. 
Pondage in excess of sin amount sufficient to control the flow ami make it 
conform to the varying daily and weekly demand is clashed as storage. 

Case 1. No storage, adequate pondage. 

Analytical methods. 

The liydrograph. 

The rlunit inn rur\p. 

CVw 2. Nfi storage, no pondage. 

The duration curve. 

Case 3. Storage at the plant, adequate pondage. 

Analytical methods. 

The mass curve. 

The liydrograph. 

Case 4. Remote storage, adequate pondage. 

Analytical methods. 

Cum 1 5. Remote storage, no pondage. 

A combination of the analvlicul method and the duration curve. 

5. Storage. In most highly developed streams, the natural flow during 
a large part or the year is deficient for the flow demand, and regulation by 
storage is desirable. There are relatively few streams whose flow is so well 
regulated by nature, owing to Jakes or favorable soil conditions, that arti¬ 
ficial storage is not desirable. Examples of such streams are the Niagara, 
the Rt. LawTenee, and the Au Ruble and Monistee in Michigan However, for 
most streams utilized for power, storage is desirable if obtainable at economic 
cost. 

In general the principal economic function of storage is to increase the 
minimum flow of the stream and thus permit the instillation of more capac¬ 
ity, which will be firm, in existing or projected plants down the river, i.e., 
capacity which will be just us useful on the connected load curve as alterna¬ 
tive steam capacity (see Section 3, Chapter 15). The addition of storage 
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usually means that any given projoct will turn out more energy, but this con¬ 
sideration, although important, is generally of less total annual value than 
the increase in firm capacity, Complete regulation is seldom, if ever, eco¬ 
nomical, but partial regulation is often advisable, particularly where the 
water released from the storage reservoir will puhs through a number of power 
plants aggregating a substantial head. 

6. Silt Deposits in Reservoirs. The capacities of storage reservoirs 
are often affecled greatly by the gradual deposition of silt. In some dis¬ 
tricts these deposits may lie enormous and may, in the course of a few years, 
completely fill the reservoir and destroy its usefulness. Sluices in the dam are 
never effective in removing sediment, except that which has been deposited 
near the dam. Silting from forest-covered arcus js negligible. In regions 
subject, to violent rainstorms and not protected by vegetation, ns in the 
Southwest, streams are heavily laden with silt. 

Many tests of the silt content of streams have been made by the TT. S. 
Reclamation Service and others. Records of 16 years of observations of the 
Rio Grande show an average of 1%% of silt carried in suspension, and sm- 
eral monthly averages in excess of 10%. Unfortunately, no satisfactory 
method has yet been devised for measuring the amount of sand, gravel, and 
even large boulder* which are projected along the bottom. It is claimed that 
usually the percentage of matter carried in this minner is relatively Hmall 
The nature of deposits against existing dams and natural obstructions serves 
lo indicate the nature of the transported materials. 

To measure the percentage of silt carried in suspension, a given volume of 
water ^ taken and evaporated, and the residue weighed. The dry weight 
ol 1 cu ft of deposited silt varies with the nature of the material and has 
'vrn found to range betwmi 50 and 00 lb. IlmvevtT, samples can be taken 
•rum natural deposits and the weight accurately determined. 

A check can be made by measuring the depth of silt in existing reservoirs 
on similar streams if the original twit tom elevation is known. Proper allow¬ 
ance should always be made for estimated reduction in capacity from silting, 
either by providing excels capacity to retain the silt for a long period or by 
control of other storage site's for future use. 

Field and laboratory tests indicate that, during times of flood, “high density 0 
currents laden with sill travel nearly the length of the reservoir near the 
bottom. Although the studies are not yet conclusive, it seems that, with suf¬ 
ficiently large flood conduits near the bottom of the dam, much of this sus¬ 
pended silt could lie passed through the dam at times of flood [7]. 

7. Benefits from Storage. Assuming the necessary demand for hydro¬ 
electric pow T er, the avnilabihty of storage limy transform on otherwise un¬ 
promising project into a highly desirable one, as the minimum stream flow 
may thereby bo multiplied many times, and consequently the capacity that 
can be installed and lx* firm capacity on the connected loud curve will also 
lie increased. 
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If the storage benefits only a single plant/ then the entire cost of such 
storage inust.be borne by that plant. For some plants with very high heads, 
the installation of storage is economically advisable even though the stored 
water goes through only one plant, but such cases are relatively rare. 

Usually it is necessary for the stored water to pass through plants aggre¬ 
gating a substantial gross head in order to make the provision of storage pay. 
The fact that the benefits from storage may generally be fairly allocated on a 




Fig. 3. Developments on Tennessee River and tributaries (see Table 1). 


per foot of gross head basis has led the owners of power plants on a stream 
to get together and form associations or quasi-public regulating districts. 
The owners of the pow'er plants contribute the necessary capital in propor¬ 
tion to their gross head, and storage reservoirs are constructed on the head¬ 
waters of the watershed. The owners then obtain the benefit from the stored 
water which is released during times of normally low stream flow and- Massed 
through their plants. The Black River Regulating District, and the ffudson 
River Regulating District in New York State are illustrations of successful 
associations formed for the provision and utilization of storage. 

On streams where all the hydro projects or riparian rights are owned by 
one or only a few interests, the development, of storage is greatly facilitated. 
Figure 10, Chapter 11, indicates the manner in which storage and power have 
been coordinated by the Georgia Power Company on the Tallulah and Tugalo 
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TABLE 1 


Power and Storage on Tennessee River and Trtbdtardbr 


A. Developments of Tennessee Valley Authority 


(1) 

(2) 

Watershed 

Area, 

Project 

sq mi 

Kentucky 

40.200 

Pickwick landing 

32,820 

Wilaun 

30,750 

Wheeler 

20,500 

Gun tors vi lie 

24.450 

Hales Bar 

21,700 

Cliiekaiuauga 

20,700 

Walts Bar 

17,310 

Fort Iioudon 

0,550 

4palai > liia 

1,018 

Hia bhhcc 

008 

Nottely 

214 

Chafuge 

1K0 

Ocoee No. 1 

505 

Ocoee No. 2 

5J6 

Ocoee No. 3 

400 

Blue Ridge 

232 

Norris 

2,012 

Fontana 

1,571 

Douglas 

4,541 

Chri okee 

3,420 


Total TV A plant* 


(3) 

(4) 

(5) 

Present 

Gross 

Power 

Installation,* 

Average 

Storage, 

kw 

Head, ft 

arro-ft 

100,000 

31 

721.000 

144,000 

50 

239,200 

430,000 

04 

52,500 

250,200 

48 

328,100 

72,000 

30 

131,700 

51.100 

38 

13,100 

81,000 

45 

221,000 

150.000 

56 

214,100 

128,000 

70 

79,300 

75,000 

433 

35,700 

37,000 

230 

361,500 



184,000 


. . 

229,300 

18,000 

110 

33,100 

in,ooo 

252 

0 

27,000 

310 

9,370 

20,000 

124 

183.000 

100.800 

180 

1,761,000 

135,000 

425 

1,157.000 

00,000 

120 

1,420,000 

GO.000 

140 

1.412,000 

2,085,500 


8,785.970 


A T oh: Data for part A of Table 1 furnished by Tennessee Valley Autliority. 


\\ Developments of Private Companies on the Tributaries of the Tennessee Kivt»r 


Waterville 

Cheuiih 

Santendah 

(Jalderwood 

Xanlaliala 

Glenville 


Total private plant* 


455 

108,000 

1,008 

106,000 

175 

46,000 

1,856 

121,500 

90 

43,000 

37 

22.000 


446.500 


801 

20,800 

189 

7,600 

660 

134,000 

217 

4,100 

1,003 

125,000 

1,215 

66.800 


358.300 


* Includes installations under remstruetion in 1948. 


Note The Waterville projert is owned by Carolina Power and Light Company 
and the utliem by Aluminum Company of America or assomlud companies. 
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Rivers. Other examples of such coordinated systems of hydro power and 
storage urc the Big Creek San Joaquin System of Southern California Edison 
Company, the Mokehimne River System of Pacific Gas and Electric Company 
in California, and the Catawba River System of the Duke Power Company 
in the Carolina?. 

The Tennessee River and its trihuTaries furnish an outstanding example 1 
of the utilization of a large amount of storage in headwater reservoirs for in¬ 
creasing the linn rnpaeity of down-river plants. The mean annual runoff of 
the watershed, in general, exceeds J.fi see-ft per wpiare mile, lmt some of the 
headwater streams have a mean annual runoff exceeding 2.5 and even li.O see-ft 
per square mile. 

Before regulation, the flow of the main river was subject to very wide fluc¬ 
tuations, and the minimum flow hail been as low as 0.0N see-ft per square 1 

TABLE 2 

Daily Discharge], in Second-feet, of Typical River for the Year Ending 
Dec. 31, 1A4I (Minimcm Year of Record) 


Drainage Area, 2000 Square Miles 


liny 

Jun 

Frh. 

Mar. 

Apr. 

Mny 

June 

Julv 

— - 

\tiK- 

Si*pl - 

Oi-I. 

Nov. 

Dim*. 

1 

3.200 

3,850 

10,000 

O.fMXl 

8.74X1 

1,100 

1 

itto i 

810 

1,54X1 

3,500 

1,714) 

3 015 

2 

3,3.10 

A ,.100 

10,21X1 

fl,4(X) 

8,54X1 

1,200 

070 

1,4)141 

5,14X1 

1,54X1 

1,830 

3,54X1 

3 

3,500 

12,100 

10,300 

0,4X10 

7, MX) 

(UN) 

1,030 

I.OIM) 

5,54X1 

5,14X1 

2,4)70 

3,71X1 

4 

3,700 

10,200 

0,300 

5,300 

0.8CM) 

0(H) 

1,4XXI 

1.1)70 

5,74X1 

4.1HX1 

2,380 

3, (HX) 

A 

3.800 

8 .MX) 

10 71X1 

5,400 

7 04X) 

1 1(H) 

1.210 

1,010 

5.000 

0 0)0 

2,190 

3. H(M) 

G 

8,0.10 

3,800 

11,74X1 

5,700 

n.uoo 

1,000 

1,200 

1,00(1 

5,700 

7, (NX) 

2.370 

3,550 

7 

3, .100 

1,000 

12. (XX) 

3.800 

n,4oo 

700 

1,340 

1,1)84) 

5,050 

0,14X1 

2 , 180 

3,770 

8 

3.4m 

4.91X1 

11, OCX) 

5,800 

8.21X1 

8041 

1..VM) 

2,254) 

l(, IKK) 

5, (KM) 

2,340 

3,880 

0 

8,4.10 

4,800 

12, (XX) 

5, (XX) 

.1,84X1 

7.KI 

!M.) 

2,210 

0,41X1 

O.IMMl 

2, 110 

4 ,(XM) 

10 

3,0.10 

4,850 

12,000 

5,2(H) 

5,04X1 

Rill 

1,(110 

1,920 

5.4HX) 

4,44X1 

2,54X1 

3.H541 

II 

3.040 

1 .100 

12, KXI 

0, (XXI 

3, 100 

74X) 

1.130 

2,41(H) 

5,14X1 

1,51X1 

!*, 170 

4,050 

12 

3,010 

1,550 

12,500 

7,200 

4, (XXI 

080 

1,200 

l.KMl 

4.K4M) 

1,14X1 

2.380 

4,480 

1.1 

3 ..Kill 

4,31X1 

12,3.10 

8,34X1 

1.500 

0.111 

1,210 

1. 170 

5,300 

:i, 120 

2,24X1 

4, KM) 

14 

3,.140 

4,220 

12, (XX) 

8,24X1 

3. BOO 

h2lT 

1, KXI 

1,52.) 

5,04X1 

3,180 

2,110 

4,030 

15 

3,710 

1,230 

12.8(H) 

8,2,10 

3.04X1 

(MX) 

1,080 

1,570 

1,21X1 

2, KM 1 

1,990 

4,850 

10 

4.000 

4, l(N) 

12,300 

j 8.230 

2,.KM) 

■V,0 | 

i 900 

2,1)10 

3, (MX) 

2.180 

2.020 

4.300 

17 

4,240 

4,700 

12,000 

1 10, (XX) 

2,000 

054) 

| 90(1 

2, MM) 

2,770 

2,14X1 

2,170 

1,150 

18 

4.100 

4,000 

12,200 

0,800 

2, 100 

7I4I| 

780 

2,710 

2,850 

2,220 

2,25(1 

4,24X1 

10 

3,020 

.1,200 

10,800 

10,34X1 

2,000 

920 

780 

2,5(H) 

2,970 

2.470 

2,100 

4, (XX) 

20 

3,030 

5.000 

12,300 

10.2(H) 

2,700 

070 

1,010 

2,000 

2,801) 

2,010 

2.2IM) 

3.380 

21 

4,100 

7,000 

11,700 

0,700 

2.24K) 

020 

| (NX) 

2,810 

2,874) 

2,154) 

2,100 

3,570 

22 

4,2.10 

8, .100 

11,750 

0,800 

2,34X1 

040 

| 1)7(1 

3,010 

2,880 

2,270 

2,370 

3,520 

23 

1,320 

0,000 

11,500 

8,500 

2,400 

700 

1120 

3,270 

2,INK) 

2,09(1 

2.FJ4) 

3.180 

24 

4,2.10 

8,71X1 

10,54X1 

8,41X1 

2, IKK) 

850 

l.(XX) 

3,380 

2,8iM) 

2,010 

2.3(H) 

3,KM) 

20 

4,200 

0, 100 

H, UK) 

8.500 

I, (MX) 

1,030 

1,150 

3.540 

2,500 

1,44X1 

2,390 

3,014) 

20 

4,1.10 

10,000 

5,04X1 

0,54X1 

1,700 

1,310 

1,370 

3,750 

2,200 

1,570 

2,380 

3,870 

27 

1,080 

10 ,.100 

0,4X10 

8.84X) 

1 ,(MX) 

1 ,(MX) 

1,280 

3,800 

2,490 

1,480 

2,740 

4.(MX) 

28 

3,050 

11,000 

0,200 

0,000 

1,54X1 

1.IXK) 

1,140 

3,000 

2,371) 

1,000 

2,710 

3,850 

20 

3,000 


0,400 

B.000 

1,200 

7H0 

1)80 

4,04X1 

2 .(MX) 

1,580 

2,780 

3,700 

30 

3,800 

. 

0,5.10 

8,84X1 

1,04X1 

fiflO 

84X1 

4,100 

2,85(1 

1,37(1 

2,940 

8,700 

31 

3,800 

■ ■ ■ ■ 

0,700 

• 

1,100 

1 


800 

4,200 


1.554) 


3,570 
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mile at Florence, Ala., lielow Wilson Dam. The d/tins of Ihe Tennessee Valley 
Authority on the main river, aiul particularly their headwater storage proj¬ 
ects, have resulted in the partial regulation of the river for power and naviga¬ 
tion. The headwater storage alone available for power exceeds 6% million 
aorc-ft; in addition, usable storage is available in the power projects and 
there is tome incidental benefit to power from storage for flood-control pur¬ 
poses. The installation on the Tennessee River and its tributaries, including 
that of the Tennessee Valley Authority and that of privately owned plants, in 
1948, exceeded 2 million kilowatts, with both the installation and the head¬ 
water storage expected to increase in the future. Figure 3 and Table 1 give 
some data relative to power developments and storage on the Tennessee River 
and its tributaries. 

In any study concerning the advisability of tfnnge, consideration should 
lie given to the possible required use of slornge for purposes other than power 
regulation. For instance, regulation for the Tennessee Valley Authority Danis 
is complicated by considenitioiib of naMg.ition and flood control. In many 
places (lie law or public bodies or courts acting in accordance with law require 


TABLE 3 

Monthly Discharge op Typical River for tub Year Ending Dkc. 31, 1941 
Drainage Area, 2000 Square Miles 


Discharge in Second 



— 


“ 

Month 

Maxi¬ 

Mini¬ 

Mean 


mum 

mum 


January 

4,320 

3,200 

3.820 

Februaiy 

12.400 

3,850 

6,050 

March 

12,800 

5,900 

10,500 

April 

10,300 

5,000 

7,710 

May 

8,700 

1,000 

3.850 

June 

1,600 

600 

860 

July 

1,370 

050 

1,040 

August 

4,200 

1,040 

2,500 

September 

6,400 


4,020 

Oct olier 




November 


1,710 


December 

1 


3,880 

The year 

12,800 

g 

4,205 


i 

■<M'1 1 

Runoff 


Mean 

Depth in 

Tot id 

Accu- 

pci 

Inches oil 

in 

racy 

Squan* 

Drainage 

Acre- 


Mile 

Area 

feet 


1 

1.91 

2.20 

235,000 

H 

3.32 

3.46 

370,000 

B 

5.25 

G.06 

647,000 

B 

3.85 

4.30 

450,000 

A 

1.93 

2.22 

237,000 

A 

0 43 

0.48 

51,200 

A 

0.52 

0.60 

64,100 

A 

1.25 

1.44 

154,000 

A 

2.01 

2.24 

239,000 

A 

1.65 

HEiII -- SB 

203,000 

A 

1.16 


139,000 

A 

1,94 

2.24 


B 

2.10 

2.37 

253,100 ! 
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a pertain minimum release from a storage reservoir for water supply, main- 
tenanre of fish life, preservation of suitable sanitary conditions, use of exist¬ 
ing plants, etc. All such regulations anil requirements generally result in 
either less flow available for i>ower regulation or in a larger and more ex¬ 
pensive storage reservoir than would be necessary if the project could Ik* 
utilized exclusively for power regulation. 

8. Tabulating Stream Flow. Tables 2-4 indicate Ihc flow of a typical 
river, the actual discharges of which have been altered to cover desired condi¬ 
tions anti to clarify explanations and crumples. Tables 2 and 8 are in the 
form in which such ilata are usually presented in the V . S. Gcnloqiral Survey 
Water Supply Papers . Table 4 is u compilation of the a\eragc monthlv 

TABLE 4 

Average Monthly Discharge of Typical River for tub Years 1923 to 1942, 

Inclusive 

Drainage Area, 2000 Squint' Miles 


Year 

Jnn. 

Feb 

1 Mai 

| *l>r. 

Miiv 

June* 

Juh 

| Aup 

Heiil 

1 

Dot 

Nov. 

flee 

11)23 

4,000 

0,500 

13.1(H) 

14, KM) 

9, KM) 

1,210 

910 

2,230 

3.7(H) 

4.(MM) 

2,500 

4.(MM) 

1*121 

7,400 

0,400 

m,7(H) 

19.7(H) 

5, (MM) 

1,380 

1,:imi 

2, l(M) 

3,900 

1,700 

2, MM) 

1.3(H) 

11)2.1 

4,300 

7,0*K) 

14,300 

18,800 

4.200 

3,050 

1,420 

3,2(H) 

4, MM) 

(1,500 

ft. 900 

1 i,5(MI 

1920 

7,2(H) 

3,'KH) 

10, MM) 

17,900 

8,800 

4,3(H) 

3,300 

3, KM) 

r.. km) 

O.WMI 

11,300 

7.7(H) 

1927 

8,500 

4,300 

Ifi, 2(H) 

15,200 

3,100 

1.190 

3,330 

5, INN) 

4.7(H) 

5,000 

0,900 

7, UK) 

1928 

S,0iU) 

7,2(H) 

24,900 

IB, (MM) 

7,200 

3,(120 

1,020 

2,470 

4,1(H) 

3, (MM) 

2,300 

4 ,(MM) 

192*) 

7,000 

9,200 

22, (MM) 

10, SIM) 

7.*KM) 

2,300 

1,380 

2,7(H) 

4,0(H) 

7,100 

3.3(H) 

7.4IHI 

1*131) 

8 400 

0,300 

15, HIM) 

Ui.HTMl 

0.2(H) 

'170 

2,710 

3,000 

4.5(H) 

7.4(H) 

5,5(H) 

4.900 

1031 

0,800 

8,700 

11,1IK) 

8,800 

2,700 

1,070 

2,400 

3.300 

4,8(H) 

fl, 3(H) 

7,2(H) 

1,700 

1932 

0,50(1 

G, 300 | 

1G.200 1 

17.9(H) 

5,fion 

L.430 

H*M) 

2.030 

5. (MM) 

3,300 

2.4(H) 

5, (MM) 

1933 

4,000 

0.3(H) 

8,800 

11, MN) 

6,300 

1,51(1 

1,030 

2. (MM) 

6, (MM) 

3,BIN) 

7.5(H) 

8, JIM) 

1931 

8,2(K) 

7,300 

1(1, KMI 

13,1(H) 

3.8(H) 

2,130 

1.730 

4,3(M) 

4,800 

7,71X1 

3,7(H) 

(i, 7(H) 

1083 

0,200 

4,300 

12,00(1 

10. UN) 

4,3(H) 

1,0111 

1.400 

3,700 

1,400 

3, (MM) 

7.9(H) 

3,500 

1930 

8.000 

7,900 

18.3(H) 

[ 19, MM) 

0.5(H) 

920 

1,710 

2.9CM) 

1,100 

1,100 

5,200 

5,200 

1*137 

5.1400 

3,700 

14,300 

12.7(H) 

5, 100 

3.5(H) 

1,370 

2.7(H) 

4,900 

7,900 

4, KM) 

5,000 

11)38 

4,000 

0.2(H) 

20.7(H) 

11, *100 

ni,7IM) 

850 

1,240 

2,1(M) 

3,800 

5, OIM) 

2,500 

1,300 

1939 

7,800 

7,300 

10, MM) 

20.GOO 

7, 4(H) 

1, (.30 

1.480 

3,91 Ml 

4,900 

5,900 

8,100 

3,(NM) 

1010 

3,300 

8,100 

0,800 1 

11,500 

K,3(K) 

2,750 1 

1,070 

4,1(H) 

1,2(M) 

1.4(H) 

4,500 

5, (MM) 

1941 

3,820 

0,050 

1(1,300 | 

7,71(1 

3,830 

BOO 

1,040 

2,7(H) 

4,021) | 

3, HIM) 

2,330 

3,880 

10 IS 

5.200 

1 

G,INK) 

12,1(M) | 

1 

1 10, MM) 

9, MM) 

1,800 

1,550 

2,800 

4,3(H) 

li 2(H) j 

4,900 

7,900 


flows for the years of record and is in the form frequently u-eil in engineering 
reports. 

Tabulations are sometimes more conveniently made in smind-fect per 
square mile of drainage area. 

The “typical river” will be iwd in all the examples that follow. 

9. The Hydrograph. A hvdrograph is a graphical indication of the rate 
of flow of a stream during a given period, the discharge being plotted as 
ordinates anti time as abscissas. Figures 4 and 5 are, respectively, typical 
hydrographs of a very flashy stream and of a stream having unusually stea/ly 
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THE HYDROGRAPH 

flow. Figure* 6 in a minimum year daily hydrograph of the typical river, 
plotted from Table 2, uud Fig. 7 is a monthly bydrograph of the same year, 
plotted from Table 3. 


i 

& 


Fig. 4. Hydiogriph of lYikioinen Creek nuir Fndcrick, Pa, 1904. 

Ill Fir. 6 ii flow demand of 30(X) sce-H ha** been indicated. This demand 
corresponds to ('use 1« of Section 12. If all flow’s above tlie flow demand of 
3000 hee-fl an* discarded, the total area 1h*1ow the demand line and the hydru- 



0 JM. Feb. Mv. Apr. Mqr Amt ** Ai*. W Oct Hot. Die. 

Fig. fi. Hydi opraph of the Hichelieu River at Fort Montffoincry, N. Y., 1904. 

K r H ph, or 29,200 scc-ft mo, is the total natural flow available for power or 
21,300,000 see-ft hr during that year. From Kq. 12 of Section 3, Chapter 9, 
this corresponds to 41,700,000 kw-lir under a productive head of 33 ft aud 
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70% efficiency. Similarly, the total of the shaded areas, or 6800 sec-ft mo, 
equivalent to 0,720,000 kw-lir, is required from storage or auxiliary plant, 
as the case may be. 

In this example the flow demand is constant throughout the year; but, in 
many instances, requirements are such that the demand in certain seasons is 
greater than in others. This may l>e caused by fluctuating market require¬ 
ments, variations in head due to draft for storage, or other circumstances, as 
will lie shown later. 



Fin. 6. Hydrugnijih of typical river showing storage requirements. 

With a full storage reservoir at the plant on May 16, the deficient flow 
from that date to Aug. 22 would require a draft on storage of 5420 sec-fl mo 
to provide the flow demand of 3UtX) scc-ft. Between Aug. 22 and Sept. 15, 
the excess of flow of 1400 sec-fl mo would reduce the reservoir depletion from 
5420 to 4020 sec-fl mo. On Oct. 1 the depletion would be 4020+ 150 4170 

soe-ft mo; oil Oct 15, 4170 — S00 -- 51410 sec-lt mo; and on Dec. 1, 3310 4 
1240 - 4550 sec-ft mo. 

It is therefore seen that, on Aug. 22, the reservoir would have been drawn 
to its fullest extent, nr 5420 sec-ff mo, and this represents the capacity re¬ 
quired to regulate the flow to 3000 sec-ft for the year J!M1. If, between 
IJec. 1 and the following period of deficient flow, there are 4550 sec-ft inn of 
excess flow above the 3000 sec-ft demand line, the reservoir will again become 
full in preparation for service fluring the next dry reason. 

Figure 7 is a monthly hydrograph of the typical river for the same period 
covered by Fig. (i. The use of monthly hydrogruphs to determine storage 
requirements over short prriods is likely to lead to considerable error, as will 
be noted by a comparison of the shaded areas of Figs. 6 and 7 indicating 
required storage eapacities of 5420 and 4600 sec-ft mo respectively. Figure 7 
fails to show* the deficient flows of May, Septcinlior, and Octolier, and the 
deficiency in August is also incorrectly indicated. It will Ixs olwerved that., 
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when the monthly flow is entirely below or above the demand line, the average 
monthly flow can be used without error. 

For Case lb, with neither pondage nor storage, tbestre&ra flow is reduced 
to usable flow and plotted as shown by the dotted line in Fig 8 The shaded 



Feb. Mar Apr. July Aug. Sept 

Fig. 7. Monthly hydrograph of typical river for the year'-1041. 


area then represents tbe reduction in output due to lack of pondage. To 
provide full output at all times, storage must be provided to regulate the 
flow to 4620 sec-ft as that corresponds to the peak demand. Storage ire- 



Jan. Feb. Mar. Apr May June July Aul Sept Nov tec 

Fig. 8 . Daily hydrograph of typical river showing storage requirements with no 

pondage at plant. 


quirements are then computed to the 4620 sec-ft demand line instead gif to 
the 3000 sec-ft line of the previous example. Thus H is seen, that, in this 
case, the lack of a comparatively small pond at the powerhouse makes it 
necessary to provide about double tbe storage capacity for continuous output. 
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As a representative example of extreme nominiform flow demand, let Fig. 
6 represent a hydrograph of the flow from the area intermediate between the 
development and a distant storage reservoir. Lot Fig. 9 be the hvdrngrnph 
of the runoff from the area above the reservoir. The runoff from the inter¬ 
mediate area is sufficient for all requirements except during the periods indi¬ 
cated by the sliudrd area in Fig. 6, and this deficiency of flow is laid off as 
the variable flow demand in Fig. 9. The total hatched area of Fig. !), there¬ 
fore, indicates the flow required from the area above the reservoir, and the 
double-hatched area the deficiency, or storage requirements. 



Fiu. 9. Hydiogiaph for portion of typical river above storage reservoii site 


A reservoir can Ik* operated to serve to bc<t advantage only one point on 
the stream. In the lii-t example it will be noted that a development imme¬ 
diately below the reservoir would be provided with a dwh.nge of an cx- 
treinelv fluctuating nature and entirely unbilled to continuous output If a 
reservoir is to scivc several development^ on the same stream, a compromise 
opei.it ion must Ik* adopted to the end that the greatest benefit will accrue to 
the system as a whole. 

High-head plants on small drainage uie*i.s hip sometimes admirably suited 
to supplement low-head plants on large streams having no stoiagc laeilities. 
The h^drograph indicated in Fig. 0 is tor a 33-ft-licad development at a site 
having a watershed of 2(X)0 sq mi. 

Figure 10 shows a hydrograph of an adjoining stream draining only 40 
square miles but Inning an available head of 000 ft. One second-/oot under 
the larger head wall produce as much power as % -20 sor-Ft on ,he smaller 
head. Therefore, at the high-head plant, one twentieth of a second-foot must 
be utilized for each wnnd-foot of deficient flow at the low-head plant; and, 
to supplement the total deficient flow of flSIO sec-ft mo at the low-head plant, 
only one twentieth of this amount, or 340 bcc-ft mo, must be converted into 
power under the higher head, properly distributed a* indicated in Fig. 10. 
The required storage is 213 scc-fl mo. 




THE MASS CURVE 

The feasibility of this arrangement depends upon the cost of installing!«lid 
operating a high-head plant of nearly the capacity of the low-head plant^with 
a 215 sec-ft mo reservoir, as compared with the instaUatioii knd bpefiatiqn 
of a 5420 sec-ft. mo reservoir to regulate the flow at the low-head plant or the 
installation and operation of an alternative fuel-burning power plant. 

If, in the preceding example, the two plants are on the same stream* two 
revisions must be made in the foregoing calculations. First, the estimated 
deficiency of flow at the lower plant, must be calculated for the area inter¬ 
mediate between the two plants, or I960 sq mi. Second, since the water re- 



Fig. 10. Hydrograph for small watershed adjacent to typical river. 

leased from the upper area, is usable also at the lower plant, it acts under 
a total head of 693 ft. Therefore, tit the high-head plant, ®%93 = %i, instead 
of Vio, of the low-head plant deficient flow from I960 sq mi must be released 
from above the site of the high-head plant and converted into power under 
the total head of 693 ft. 

The hvdrograph is perhaps the most easily understood method of indicating 
diagrammatically the flow’ of a stream and the regulation of the flow by 
storage, particularly for those who are not engineers. It is used extensively 
for explanatory diagrams; but for estimates of power and storage, other 
methods often involve less work. 

10. The Mass Curve. Mass curves are used only to facilitate storage 
computations. They indicate the total volume of runoff in second-feet months, 
or other convenient equivalent, during a given period. They are usually 
made from records of average monthly flows, these records being Summed up 
consecutively and each sum plotted above the corresponding date. 

A mass curve of the typical river for the year 1941-1942 is indicated by the 
heavy line of Fig. 11. The computations for this curve are given in Table 5. 
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This mans cuivc wclicutes that, during the period fiorn Api 1, 1941, to Mar 
SI, 1942, 52,709 see-ft mo passed the bite 
It is evident that a mass curve plotted from mt in monthly flows is correct 
only at the beginning and end of each month, bine e the variation m flow during 



Fig 11 Miss cum of fvpuil mcr for Iftir \c it 1911—1042 tin lowiM of iPford 

plottid fioin Tablr 5 

the month not t dun into comidu it ion For i unifonn inon hly flow, thf 
miss cui\o lor the month would Ik » s(i uglit line \ tine nrve loi airy 
month would hr comcx upw ads li the How wue greater duiuig the fir^i pait 
of the month A summitiun of duly flows, insti id ol monthly flows, results 
m a moie aerurite nils* curse, but this imohes m cxcossixe amount of 
work, and dailj flows aic seldom used except for cntir.il pcuods as explained 
later 

The Jope of the nine it any poml indicate^ the rate of flow in seeond-feet 
If the curse is honzont il, the flow is zero. The slope ot a line connecting 
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TABLE 5 

Computations fob Mam Curve of Typical River fob tub Ybab 1941-1942 


Month 


April 

May 

June 

July 

August 

Hvplcmlier 


Second-feet, 

Mean 

Monthly 

Runoff 


7,710 

3,850 

800 

1,040 

2,500 

4,020 


Serond-foet, 

Months 

Accumu¬ 

lative 


7,710 

11.500 

12,420 

13,400 

15,000 

10,080 


Mouth 


October 

Nu venal K-r 

December 

Januaiy 

Fcbmaiy 

March 


Second-feet, 

Mean 

Monthly 

Runoff 


3,300 

2,330 

3,880 

5,200 

6,000 

12,100 


Sccond-feet, 

Months 

Accumu¬ 

lative 


23,280 

25,610 

20,490 

34.600 

40.600 
52,700 


fiiiv two points, CD, on the curve is n measure of the average flow during that 
period, the actual flow being less during the first and greater during the last 
part of the period. At point C the accumulative tlow is 11,560, and at D 
30,700 sec-ft mo. The difference, or 25,140, is the total flow for the period 
from C to D. or for S :JS month' The aveiiigo flow is therefore 25,140/8.38 = 
3000 sec-ft. The average flow can l»e obtained more eaMly by drawing a line, 
AH, through the ongin of the cuive, parallel to CD. At the end of the first 
month the or dim I e to the line AB is 3000 scc-ft. 

Tile 3000 see-fl flow demand of Fig 11 will lie used to explain the determi- 
i. lion of storage requirements from the ma^s curve. As llic mass curves for 
April and May arc both steeper than the 3000 nec-ft line, AB, the flow during 
those months is indicated to be in excess of the demand, and no storage is 
required. The curve for June, however, has a flatter slope. From the point 
O, draw the line CD parallel lo AB representing the demanded flow of 3000 
sec-ft. With a full reservoir at (\ draft \ull occur at all tunes when the dope 
ol the mas* curve w less than the line CD, and the reservoir will be filling 
when the slojic is greater The depiction of storage at any tune is measured 
by the ordinates between the curve and the line, the reservoir being full at 
both points C and D, The greatest draft from storage, as measured by the 
length uf the maximum intercepted ordinate at E , is 4600 sec-ft ino. 

Monthly mass curves, like monthly hydrographs, are subject to errors 
bccuiiso of their representing average rather than actual monthly flows. The 
errors occur at the beginning and nt the end of reservoir drawdown. The 
dotted lines in Fig. 11 indicate the plotting of daily flows for the months of 
May, August, and Septemlier. It will be noticed that the dope of the correct 
mass curve during the latter part of May is less than the demand line, begin¬ 
ning with the 15th of the month, or at H t where a new demand line would be 
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tangent to the corrected curve. The maximum ordinate in now at F and showy 
the correct greatest draft to be 5420 scc-ft mo. 

If the flow-demand line docs not intersect the mass curve, ns at J, the res¬ 
ervoir will not be filled again. If the reservoir is very large, the tune interval 
lietween the points H and J may be several years. 

To determine whether the rosenoir would be full at H } a mans curve must 
be drawn for the preceding year and investigated in the same manner. 

The flow-demand line may be curved if the seasonal power demand is not 
constant. In the preceding example, the storage is at the plant. For remote 
storage the use of the nrnsi curve is not as adaptable as other methods. 

In studies involving the regulation of •dream flow over periods in excess 
of one year, it is desirable to plot the mass curve covering the entire peiiod 
of record. This is particularly true in the case of storage for water supply 
and/or irrigation purpose's where storage capacity nun equal the average 
flow of the stream for several years. In all cases it is necessary to adju*1 
tlio regulated flow for the evaporation which takes place in the reservoir I .see 
Chapter 2). 

11. The Flow Duration Curve. Figures 12 and 13 show flow duration 
curves for the Hpical mer for the twenlv \cars of record and for the imm- 



Per Cwit of Time 

Fio. 12. Monthly and daily flow duration cuivch of typical mer fin the 20 veiuv 

of record 

mum year of recoid, iospecti\ely. Each point on a flow duration curve indi¬ 
cates the percentage of tune during the period under consideration that the 
flow was equal to or greater than the given dwlmrgc. Fleur duration curves 
may be conipiiled from mean monthly flow* or daily flows. Those com¬ 
puted from mean monthly flows are onlv approximate, because m each month 
there is a considerable variation in flow not indicated in the duration rune 
Variations in flow during 24 hour* are iMially negligible. Figure* 12 shown 
the error involved in the use of mean monthly flows for the duration curve 
of the typical river. 

Computations involving the- use of daily flows require the consideration of 
thirty time's as many items as thin* made for mean monthly flow's. The time 
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(onMuutd in the usi of elul> flenv, hies led nunj engineers to u&e monthly 
duration euivix txelusu.h, pmlnbly without i equation of the errors m- 
\olved 8u<h errors will usudh ringe from 5 to 1>%, depending upon the 
fhiridinMics of the sirum ind the extent of ulili/ition of the flow The 
Itpicel nver is in turigt strcim The .liffucnu Ik tween the duly and 
monthly turves would prohibit lie negligible for *t( uh streims mmilir to the 
Richelieu Ri\ir liielic iteel in Fig 5 but gre itei thin thit shown m Fig 
12 ini \tr\ flashy btre mis* 


Days 

e388§§38Sg§£g3§gggg 



20 30 40 0 60 70 

Per Ce t ol T tie 

1 ir H Duh flow dm it inn cm\i of \j i il mn fm mu 1941 tin lowisl of 

u jiiJ fmm 1 ilili b 


( omput if ions lmohed in the construction of the flow dm it ion cum of 
F g H in gi\in in I ililf to R ites ot fit \n dillimu b\ convenient amounts 
sir up m ( ol 1 In ( nl 2 i*» uni ( iteel tin nuinlm oi tunes tlu duh flow 
ni iilccl i v dm between the t our spondmg flow in Col 1 uul the flow next 
lx low Dining tin \e ir j duh flow belwcen 1(XX) aid 1100 se( -it occurred 

10 1 line s 

\ summit ion of orcmifiins is t d il it ml in Col 3 It shows lint i flow oi 
HKK) see 11 w is crjuilfd or cvieulul on tin- dunng the >c u Column 3 
is then it dined to pti rent of time ind monied m C ol 4 Columns 1 and 4 
nr used to plot tlit flow dilution nine For i flow duntion ouim of a 
1 >oir jHiiod ( ol 2 will totd v(n di\s mil Cols 1 ind J miv l>e used, if 
dfsiitd, to mdir iff tlu nunihtr of di\s dining the \c*ir a given flow w u» 
e\n(ded, is indie itfd in Fig 13 Tot t, longer penod thin a veir, Col 2 
will totd ninic linn 3(i5 tlivs Imt i flow dilution cum For the totil years 
ol luord inn hi iniI to re pic -rut in wni^p u it, ind, if dns ire denned 

11 tlu bottom of tbi rtiijrun percent iee- m Minph multiplied In 36*) 

I uh squiie in Pigs 12 ind H is r )00X 5 V rt>5 — 100-9130 sec-ft di\b 
oi 300 set ft mo 

•For other conn uisotis of duh and nmnthh duntion nines see ATei/Wfcc, 
Vol S7 p 250 ind Ninlh \nimd of New \oih btiilc Consul itjon 

Coin mission 1010 
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TABLE 6 

Computation* for Daily Duration Curve of Typical River for the Year 
1941, tiik Minimum of Rhcohd 


Plotted in Fig. 13 


(11 

(2) 

(3) 

(4) 

Second-feet 

Number 

Days Equaled 

Per Cent 

Runoff 

of Days 

or Exeoedod 

of Time 

500 

1 

365 

100 

600 

12 

364 

99.7 

700 

8 

352 

96.4 

800 

6 

344 

94.2 

900 

9 

338 

92.6 

1,000 

10 

329 

90.1 

1,100 

6 

319 

87.4 

1.200 

7 

313 

85.7 

1,300 

3 

300 

S3.8 

1,400 

9 

303 

83.0 

1,600 

13 

294 

80.5 

1.800 

6 

281 

77.0 

2,000 

14 

275 

75.8 

2,200 

21 

261 

71.5 

2,400 

14 

240 

63.7 

2,000 

10 

226 

61.9 

2,800 

10 

216 

59.2 

3,000 

5 

200 

56.4 

3,200 

5 

201 

35.0 

3,400 

18 

1% 

53.7 

3,600 

11 

178 

48.7 

3,800 

17 

167 

45.7 

4,000 

13 

150 

11.1 

4,200 

13 

137 

37 5 

4,400 

10 

124 

34.0 

4,600 

2 

114 

31.2 

4,800 

8 

112 

30.7 

5,000 

13 

104 

28.5 

5,500 

13 

91 

25.0 

6,000 

14 

78 

21.4 

6,500 

4 

64 

17.5 

7,000 

5 

60 

16.5 

7,500 

0 

55 

15.1 

8,000 

6 

55 

15.1 

8,500 

10 

49 

13.4 

9,000 

3 

39 

10.7 

9.500 

5 

36 

9.9 

10,000 

8 

31 

8.5 

10.500 

t 

23 

6.3 

11,000 

1 

10 

5.2 

11,500 

5 

18 

4.9 

12,000 

9 

13 

3.6 

12,500 

4 

4 

l.l 
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A flow demand of 8000 sec-ft or 36,000 see-ft mo per year has been indi¬ 
cated m Figs. 12 and 13. The total area AB('Dh\ below the demand line and 
the flow duration curve, or 20,200 sec-ft mo for the minimum year and 31,600 
sec-ft mo for the average year, represents the total natural flows available 
for power during the year. From Eq. 10 of Section 3. Chapter 9, these cor- 
res|K)nd to 41,700,000 kw-hr and 45,200,000 kw-hr, respectively, under a pro¬ 
ductive head of 33 ft and efficiency of 70%. 

The areas BF(\ or 6500 sec-ft mo in the minimum year, and 4400 sec-ft 
mo in the aveiagc year, equivalent to 9,720,000 kw-hr and 6,2H0,000 kw-hr, 
respectively, are a men mu e of the powci required from storage or auxiliary 
plants as the case may be. The curves also show that natural flow sufficient 
lor lull output is available 50 5% of the tune, or 206 days, in the minimum 
year, and 71% or 259 da vs, in the average year. 

The area BFC is the total discharge from storage required to supplement 
the liatiiiul flows; but it in no indication of the required capacity of the reser¬ 
voir, as the reservoir nuv lie tilled mul emptied more than once during the 
year. This feature is more clearly indicated in Section 9 which shows that for 
1941, the minimum y ri ar, a capacity of 5420 sec-ft mo was required to 
Mipply the total demand of 6X00 ser-ft mo. 

For Case 16, with neitliei pondage nor storage, th( steam flow, as indicated 
by the duration curve, is reduced to usable How and plotted as shown by the 
line Ail Hi. 1 of Fig 33. The tiiea GTTi'B then represents the reduction in 
output due to lack of pondage, and the area FBiSHC the output required 
trom storage or nuvihaiies. 

For the ease of remote storage but no pondage, the regulated flow at the 
plant liiav he computed by anahtical methods. If the reservoir is not regu- 
I < d for the plant in question, or if it is of capacity sufficient only for partiul 
regulation, the flow at the plant can be plotted as a duration curve, then 
adjusted for lack of pondage as previously descrilied, and the output com¬ 
puted. 

12. Analytical Methods Applied to Storage Studies. Analytical 
i ne I hods an* adaptable onlv to rases where adequate pondage is available. 
Average monthly flows must Ik* u-ed exclusively because ft consideration of 
daily flows would result m an endless amount of labor. An example of cal¬ 
culation bj analytical methods will be given tor a plant having no storage, 
and one lor a plant with storage \ constant flow demand of 3000 Boc-ft, 
corresponding to Case la of Section 2, will be used m both examples. 

No Storage. If, in nnv month, the average flow' is equal to or greater than 
the flow demand of 3000 sec-ft, it does not follow that without storage all 
power demands will lie met. In Table 3, the average monthly flow of the typi¬ 
cal river during May 1911, is given a** 3K50 sec-ft. By reference to Table 2, 
however, it is seen that the flow during part of that month was considerably 
less than the flow demand of 3000 sec-lt, resulting in a deficiency in output. 
Moreover, if the average flow’ is* less than the flow demand, it is not necessarily 
I rue that,* without storage, all the flow can be converted into power, because 
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it is quite possible that, during some part of the month, the flow waa in 
excess of the flow demand and home waste was necessary. This feature lias 
led to the adoption of use curves, sample? of which are shown in Fu;. 14. 


l. Flow Ormond 



River at Old Gaston, N f Ana SSSOipmi 
Upper our osfbr flow demand of025sec ft persq mi 

Middle •• n n » n l?0 h n * . * 

Lower t hh h v 300 


inqi, N Y Area 1/70 sq mi H H 

tut demand of OS^eeftpenqm r *■ 


Typical River forppw demand of fS^saefl persq mi^ -j | j 


10 15 20 25 30 

Average Monthly Flow in Terms of Flow Demand 

k. Flow Demand 


35 


40 



vHHllTWTT 

vr fit Binghamton, N V L -1 - 


\Susgurhanna River at Binghamton, . 

4 Upper cun t for)bur demand ofO'Avrrftpersqm 
* Mtddh • r* 90 0 50 90 m n no 

lower n .1 <1 r. w OSS 


' Ritheheu River at Route & fotnt,N) Area 7750 sq mi - 1 
, , 4-4- —|—| (Outlet lahf Champlain) Curve for at! flow demands \- I * 


10 1 5 20 25 30 

Average Monthly Flow in Terms of Mow Demand 

Fiu 14. Topical use rurvcH. 


Use eun r es show the relation between :neiage monthly flow and prnluble 
usable flow, both expressed either in terms ol the flow demand or ol second- 
feet flow. The use eune of the tvpicnl river is shown in both wa>s the Jaltei 



-J—i—i—i—I_I_l_I_l_l_l_l_l_I_ l. J_l_i_l 

1000 2000 3000 4000 5000 6000 7000 SOOl 9000 M0 

Second Feet Average Monthly Natural How 

Fin 15 U^e euive of typical river. 


mdieated in Fig. 15. If, for instance, the average flow of the lypirnl river 
for a given month was 1.2 times the flow 7 demand, or 11600 scc-ft, the piobahJc 
average usable flow during that month is indirut ed in Figs. 14 nml 15 to lie 
0.8N times the flow demand ni 2640 *ec-ft. 
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The use curves of Mr. 14 were plotted from tin analysis of the daily records 
of a number of years of earh stream. It will lx* noticed that, for very steady 
streams such as the Riehelieu (&ee Fir. 5), the use curve approaches the line 
ABC which corresponds to the case where the flow' is absolutely constant 
during each month. The construction of a use curve involves considerable 
lalior, and, for approximate computations, un existing curve of a similar 
si ream may be used without great error. 

The average monthly flows shown in Table 4 have l>eeii reduced to approxi¬ 
mate average monthly usable flow* in Table 7 by means of the use curve 
of Fig. 15. The average' usable flow for the twenty-year period ih seen to hr 
U6.‘50 sec-ft or .31,5(10 sec-ft mo per annum. This corresponds to the 31,000 
sec-ft mo in the average year found by the flow duration curve method of 
Section 11. 


TABLE 7 

Computations for Avehaue Usable Flow, Typical River 


Flow' Demand, 3000 Hco.-ft. No Storage 


Yppi 

Jan. 

Ftli. 

Mm. 

Apr. 

- ' 

May 

June 

" “T 

July 

AuR. 

Sept. 

Oet. 

” 

Nov. 

Dpo. 

Avpi- 

»»■ 

1*123 

2740 

3000 

3000 

30(H) 

3(X)0 

1210 

010 

2070 

2070 

2740 

2210 

2740 

2480 

1421 

3000 

3000 


3000 

29(H) 

1380 

i.sou 

2100 

2730 

2850 

2420 


Ujij 

1025 

2800 

mm 

3000 

3<M)0 

2780 

2470 

1420 

2520 

2840 

3000 


3000 

2730 

man 


2720 

3000 

i7n 

:khm) 

2MH) 

JlhU) 

2300 

3000 

EnTj 

3000 

3000 

2800 

1927 




3«(Xi 

2500 

1190 

2570 

2900 

2850 

2900 


3000 

2720 

1*128 




um 


2470 

1020 


2700 

2040 


2740 

2580 

1«i!0 

3000 

3000 




2220 

1580 

2200 

2740 

3000 


3000 

2000 

1* .0 




E5M 

;iooo 

970 

2310 

2450 

2830 

3000 


2880 

2700 

10.11 




3000 

2320 

IE2lI 


2010 

2870 

2930 


2850 

2050 

1032 

kTmji 

3000 


3000 

2940 

1430 

990 

1950 

2900 

2020 


2900 

2490 

1033 

2840 

3000 

BllU 

3000 

30(H) 

1510 

100(1 

197(1 

2970 

2700 


3000 

2080 

1034 

3000 

3000 

:ioou 

3000 

2700 

2000 

1700 

2820 

2870 



300(1 

2730 

1035 

20 BO 

280(1 


3000 

E23 

1040 

1400 

2070 

2820 



2620 

2590 

1030 

3000 

3000 



3000 

920 

1700 

2420 

2760 




2020 

1037 

2970 

2070 

3000 

3000 

2930 

2920 

1370 

2320 

2880 


2700 

2040 

2700 

1038 

2BW1 

3000 


EH 

M 

850 

1211) 

1990 

2050 


2220 

2820 

2460 

1030 


3000 

3000 

3000 

3000 

1030 

1480 

2720 

2880 

2970 

3000 


2680 

1040 


3000 

3000 

3000 

30(H) 

2350 

1030 

2700 

2780 

2810 

2830 


2750 

1041 

2700 

3000 

3000 

Era 

WfLOM 

800 

1040 


|fU 

2550 

2120 

2720 

2300 

1012 

2030 

2*170 

3000 

3000 

3000 

1B00 

1540 

2380 

2800 

1 

3000 

Gen 

2880 

era! av* 

2970 

omce 

2600 

2630 


From Table 7, the* average usable flow’ for the minimum year, 1041, is 
2390 sec-ft or 28,680 sec-ft mo, corresponding In the 29,200 sec-ft mo found 
hv the hydrogrnph and duration curve methods for that year. 

The deficiency, to be made lip from some other source, is the difference 
hetween the second-feet months of usable flow and the flow demand of 36,000 
s^-Tt mo per 'nnmn, or 4440 sec-ft mo in the average year, and 7320 sec-ft 
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mo in the minimum year. The usable flows and deficiencies may be con¬ 
verted into units of energy by Eq. 10 of Section 3, Chapter 0, as previously 
explained. 

With Storage at th< Plant . With storage at the plant, the problem is com¬ 
plicated by the fact that the flow demand is not constant, bemuse of the 
necessary rcdurtion in head during draft. For simplicity, however, a con¬ 
stant flow demand of 3000 sec-ft Mill bo used in the following example ns 
in the preceding one. 

Table 8 indicates the usual approximate analytical method for deter¬ 
mining storage requirements when the reservoir is at the plant. The method 

TABLE 8 

Topical River, Yeah* 15)41 and 15)42, Approximate Computations koii Ntohai.e 
Requirements, Reservoir at Plant 

Herond-feel Months 

I JdO Feb Mar. Apr I Ma> I Juw* I July I Aug jj Sipt 


3 850 R00 1 040 2 W0 4 030 

0 2 140 1 060 500 

1 020 

3 850 3 000 3 000 3 000 3 000 
0 2 140 4 100 4 000 .3 5H0 

1042 

Natural stream flow 5 200 6 000 12 000 10 600 9 600 1 RflO 1 530 2 BOO 4 300 

Draft from storage 0 0 0 1 140 1 450 200 

Stonge refill 2 200 B70 1 30U 

Regulated stream flow 3,000 5 130 1? 100 10 600 0 600 3 000 3 000 3 000 3 000 

Reservoir depletion B70 0 0 0 0 1 140 2 590 2 700 1 490 

_L__ 

is obvious. It shows the greatest draft on storage lor the typical river in 
1941 to be 4600 sec-ft mo 

This corresponds to the use of the monthly hydrograph of Fig. 7 for com¬ 
puting storage requirements and involves the error, a* explained in Section 9, 
that the latter part of May and the first part of September are deficient in 
flow, as indicated in Fig. 6, notwithstanding the fad that the average 
monthly flows of these months are considerably above the flow demand ot 
3000 &ce-ft. Such errors Ix'coine smaller as the period of deficient flow 
becomes longer, and for relatively large reservoirs, depleted for long iieriods, 
the error will Ik? negligible. For short periods of depletion, those months in 
which the flow is partly lielow and partly al»ovc the flow demand must bo 
examined in detail. 

With Storage Remote from Plant. If the storage is remote from the plant, 
Table 9 indicates the usual method of calculating storage requirements. 


1941 

Natural stream flaw 
Draft fmm ntorage 
Storage nfifl 
Regulated vtnain flow 
Reservoir depletion 


Oet 

\o\ 

3 300 

2 330 


670 

300 


3 000 

3 000 

3 280 

3 950 

fl 200 

4 900 


0 

1.490 


4 710 

4 BOO 

0 

0 
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TABLE 9 

Typical Riveb, Years 1941 and J942, Approximate Computations fob Stobaob 

REgUlKEMENTH, ReBEHVOIK HeMOTU FROM PLANT 


8econd-fcct Months 



Jan. 

Feb. 

Mar. 

Aur. 

May 

June 

July 

1 

Aug. 

Sept. 

Ort. 

Nov. 

Dec. 

1041 













Natural flow below ithct- 













voir 





3,465 

774 

036 

2,250 

3,618 

2,070 

2,097 

3,492 

Flow put reservoir 





0 

2,226 

2,064 

750 

0 

30 

903 

0 

Total flow at plant 
Natural flow above row- 





3,465 

3,000 

3,000 

3 000 

3,618 

3.000 

3,000 

8,4112 

voir 





385 

86 

104 

250 

402 

330 

233 

388 

Droll from storage 





0 

2,140 

1 060 

500 



670 

* . . 

Storage refill 





0 




402 

300 


388 

Refrrvoii depletion 





0 

2,140 

4 100 

4,600 

4 108 

3 898 

4,568 

4,180 

1042 













Natural flow below restr- 













Miir 

4 680 

5 400 

HI 840 

0 540 

8 l>40 

1,674 

1 305 

2.520 

8,870 

5,680 

4,410 

6,310 

1 low pant reservoir 

0 

0 

0 

0 

170 

1,376 

1 605 

480 

0 

0 

0 

0 

Tula] flow at plant 
Natural flow above rew- 

4 080 

5 400 

10 BOO 

0,540 

8 B10 

3,000 

3.000 

A 000 

3.870 

I 

5 580 

I 

4,410 

5.810 

voir 

520 

600 

1.210 

1 060 

060 

1R6 

155 

280 

430 

620 

400 

500 

Draft from storage 

St or age refill 

520 

600 

1 210 

1,060 

740 

1 140 

1 450 

200 

430 

620 

400 

590 

Hmnnir depletion 

| A 660 

3 060 

1 850 

790 

0 

1,140 

2 590 

2,700 

2,360 

1,740 

1,250 

080 


In :liin example it has horn assumed that one tenth of the flow of the pro- 
vio.i- example is a\ui1ubJc from the area brim* the reservoir, ami nine tenths 
from the urea above. These arc indicated in Lines 1 and 4. The flow past 
the resenrnr, when the reservoir is partly depleted, must Ik 1 Mich that the 
tula] flow at the plant equals the flow demand, and the draft on storage or 
refill is the algebraic difference between Lines 4 and 2. 

It will be notieed that, here, the 1041 draft on storage is greater than for 
the previous example, because, in ihis ease, an excess flow of filK soc-fl mo 
from the lower area was wasted past the site in Sept end >er when the resor- 
\oir was m need of replenishment. 

13. Functions of Storage in Combined Systems. Most modern 
power systems are served by both steam and hydro plants. During iierioils 
of low stream flow, the hydro plants with pondage serve the ]>eak loads and 
steam plants the base load, but during periods of high stream flow, when the 
maximum flow demand (Root. 3) is equal to or less than the stream flow, the 
hydro plants operate on the haw of the load. In such power systems the 
most important function of storage is to increase the firm cajHicity (see 
Section 3, Chapter lfi) of the hydro in prcscnl or prospective plant h and thus 
avoid the necessity for installing the same amount of additional steam cupac- 
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ity. Thus, in Fig. 0, Chapter 14, it is evident that if, under minimum flow 
conditions, only 200,000 kw-hr of energy were available during the peak load 
week for the hydro plant at the top of the diagram, only a part of the US,500 
kw of installed cnpurity would l>e firm. If, however, sufficient storage were 
lidded to bring the energy up 1o 438,000 kw-hr, then the entire installation 
of 38,500 kw would lie firm eapacitv and perform the same function as alter¬ 
native steam capacity. 

Such storage could confer a similar benefit on other developments, when 
constructed, on the same river, but it would not lie developed unless the in¬ 
creased revenue from the additional firm capaeity and accompanying energy 




1926 1927 192B 1929 1930 1931 1932 1933 1934 1935 1936 1937 1938 1939 1940 1941 


Fin. 16. Giimnin Ri\er storage possibilities Find un I ions in stage of Della Reser¬ 
voir from Hfiitenihcv 1926 to Scpfcnihri 1911 when discharge ih regulated to pin- 
duce the greatest producible minimum fiun capiicity ill downstream power plants 
with storage available m tliLs reservoir. (Note: Dunnage area of Gamma River 
at site — 1012 mi mi. Capacity of Delta Reset\mr 266 billion cu ft 10,130 
sec-fl ino. Maximum relcuso from irservon 5690 see-fl average weekly flow ) 

at the various plant* would carry the annual charges both on the addi¬ 
tional installation ami on the investment in storage plus a profit. 

Tu Fig. 1(5 is shown a diagram giving the fluctuations m reservoir conlent 
over a term of years where the release of water from the reservoir was 
for the Hole objective of maintaining the maximum firm hydro capacity in 
downriver hydro plants having a total head ol 000 ft. It will lie noted that 
most of the time the reservoir is full and that only rarely is its full capacity 
utilized. 

Such reservoirs so operated have some additional insurance value in that, 
in the event of a steam plant breakdown during low stream flow conditions, 
they would jwrmit the operation of full hydro capacity with wab'r supplied 
from the storage reservoir for long periods until repairs were me do In the 
steam plant. After the emergency had passed, the use of stored waiter could 
be discontinued, the reservoir allow T od to fill, and reserve steam capacity 
operated over the peaks when required. 

Briefly, the most productive method of operating such storage reservoirs 
is to keep them full as in Fig. 16 except when drafts are required to main¬ 
tain the firm capacity of the hydro plants or for some other emergency. 
Frequently there is a power plant at the outlet of the storage reservoir, anil a 
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slight departure from the above principle is desirable. Thus, heavy rai ns 
may give warning of an approaching flood on the watershed tributary to the 
storage reservoir. Under these circumstances, the water surface should be 
drawn down sufficiently, if possible (the discharge l>cing taken through the 
power plant), to take the flood in the reservoir without discharge of water 
over the spillway. With a reservoir as large in relation to watershed area as 
the Della Storage reservoir there should be very little wastage over the spill¬ 
way, and praetirally till the water from the storage reservoir should pass 
through all the power plants downstream. 



Fiu. 17. Effect of stiiiagc on firm liydio capacity of duuiina power system. 

In Fig. 17 is shown the effect of adding storage on the firm hydro capacity 
of a large power system all of wIkm 1 li\drn plants are located on the siunc 
river. The proposed storage is on a large tributary upstream from the exist- 
ing power plants, and a power plant is contemplated at the outlet to the stor¬ 
age reservoir. 

The curve at the left of tlie figure shows the theoretical firm hydro rapacity 
of the existing hydro plants with no storage provided. It is plotted on the 
assumption that the load factor now remain* the same us the connected 
load grows (Section 2, Chapter 14). The load factor is not ahvays static, 
however, aud there is a distinct tendency in many power systems for the 
load factor to increase at the total load grows (Section 5 f Chapter 16). This 
means that a given amount of capacity serving the peak load will, with an in¬ 
creased load factor, require more hydro energy. Consequently, an increase 
in load factoi enhances the importance of storage. 

The curve at the right of the figure show’s the firm capacity obtainable 
in existing plants (provided the necessary capacity is installed) and in the 
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proponed power plant at the storage reservoir. It will lie noted that the 
increase in firm capacity due to storage exceeds 50%. It is occasionally 
assumed that storage is merely of temporary advantage and that the same 
Advantage could Ik' obtained by waiting a few years and letting the load 
curve grow until Ihe proposed installation would be firm capacity. (See curve 
at the loft of Fig. 17.) This is an invalid assumption, however, as the addi¬ 
tion of storage for any practical condition of present or future load curves 
will always permit the installation of additional firm capacity either in the 
same plant, in another plant, or in a j mu pried plant on the some river or even 
on another stream. 

Whether or not the proposed addition of any available storage capacity 
is economically advisable m any power supply system depends on careful 
consideration of Ihe factors discussed in Chapters 12, 13, 14, and 15. 
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CHAPTER 11 


TYPES OF HYDRO PLANTS 

1. Introduction. Hjdru plant* inav lie classified on u functional basin us 
(1) rmi-oF-rivor plants without pondage, (2) base-load plants, (3) run-of- 
river plants with pondage, and (4) peak-load plants. Pumped storage 
plants arc simply a sjx'nal kind of peak load plant. 

2. Run-of-river Plants without Pondage. Some plants are. located ho 
that they must use the water jmt as it comes 1o them without lieiug able 
to pond it or store it to apply on the peak of the load. Sueh plants are 
generally relerred to as miwif-river plants without pondage. A usual reason 
for their lack of pondage in that the dam is constructed to maintain a given 
water level, as for navigation, ami the powcT plant is only incidental. 

The heads are ■minellines quite low, and often, at timcH of flood, tailwater 
rises to such an extent that the plants are inoperative. A high-lieiul plant 
may also belong to this rlass, ns one with a dam too low to give pondage at 
the head of a falls. Although it cannot lie said that such plants uniforndy 
have no rapacity value (*ec Section 0, Chapter 1ft), their rapacity is spldoin 
as useful as that of other types of plnnts. Their principal function is as 
energy prmlueeis to save co.il that it would otherwise be ncce-sary to burn in 
sit >. plants. The hjdro plant of the Louisville (las and Electric Company 
(72. f J00 kw mat alia I inn) on the Ohio River, and the Winfield, Mannet, and 
Loudon plants on the Kanawha River are examples of this tyiie. 

3. Base-load Hydro Plants. As indicated by the name, these are nin- 
of-river plants witboul pondage that are capable of substantially continuous 
operation in the base of the load curve throughout the year. Consequently, 
their full planl discharge is seldom vpiv much greater than the minimum flow 
of the nver. Examples are SchwlkolT (Fig. 1) and (Juecnston-Ohippewn 
(Fig. 2) on the Niagara Ri\er, Cedar Rapids, and Beauhnnihois (Fig. 4) on 
the Hi. Lawrence. For all the above plunts Tull plant discharge is very much 
less than the uuniimim flow of the river. Bonneville (Fig. 5) on the Columbia 
River is unolher example. Also, a number of very high-head plants may lie 
pul m this elans. The annual caparity factor of base-load plants varies from 
70 to JUOft. 

4. Run-of-river Hydro Plants with Pondage. Usefulness is greatly 
increased if a plant has pondage and if tailwater conditions are such that 
flooils will no* “drown out the plant.” By pondage is meant sufficient stor¬ 
age at the plant to take care of hoiir-to-hour fluctuations in load on the plant 
throughout the period of a week. In the usual run-of-river hydro plants 
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Iw 2 QiitiuMiin-OInppnu pi inf Vnfiin T ilh 500 000 hp 2M ft head 
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FTO. 3 Niagara Falls the *omce of a million kilowatts of gtnciated pot\er, 56000 sec-ft out of a total 
minimum discharge of 117 000 «ec-ft (a\ rrage = 191030 sec-ft) is used foi the pioduction of power 










RESERVOIR PLANTS 1 

with pondage, inytalM^ high basisIn''relation.ifoeamv 

Sow. In shine plants, discharge is 10. to 20 times minimum stream flow; • Full 
plant discWge is often from 1.5 to 3.0 sec-ft per sq mi of watershed area. 
When connected to loads which are served by both steauii and hydro, it 4 not 
unusual for; practiepy all thb instiled iwpdcity ta : jhe'^ fim !.e. f 

capable of performing the same function as alternative steam capacity. 

When, plenty of water is available dri the river, these -plants operate 6h the 
base of the load curve; With seasonal decrease in stream flow they gradually. 



Fia. 4. Beauhamois hydro development on the St. Lawrence Rivet near Mont¬ 
real, a base load plant, head 83 ft, installation 315,000 lew, 9 units. 


change their position on the load curve until under minimum stream-flow 
conditions they operate entirely on the peaks of the load curve. Figure, 6 
illustrates how plants of this type alternate between base load and peak load 
according to the stream flow available. 

Annual capacity factors for this type of plant vary from 40 to 65%. 
Examples that might be mentioned arc Fifteen Mile Falls, Mitchell Dam, 
Conowingo (Fig. 7), and Safe Harbor (Fig. 33, Chapter 38). 

5. Reservoir Plants. While hydroelectric projects which take their flow 
directly or indirectly from Large storage reservoirs are suitable fpr deyelop- 
ment as peak-load plants, provided that the conduit required is not tbo long or 
too expensive, they are not necessarily peak-load plants. This is because 
market conditions may not require all the peak-load hydro power available 
at such a situ. Consequently, many plants of this type operate dn a daily 
capacity factor (see Section 8, Chapter 12) of 30 to 100%.: Notable examples 
of plants that draw their water supply from, large reservoirs are Hoover 
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Fig. 5. Bonneville development on the Columbia River, Ore., 522.000 kw, 60 ft 
head, 10 units. Avciagr stie.un flow 214,000 scr-ft, minimum without regulation 
40 000 su*-ft (U. S Engineer Dept ) 



1Z 2 ♦ fc 81012 4 


Fig. 6. Utilization of mn-of-nver plants with pondage Combined 24-lu load 
canvc of Baltimore, Mil. and Washington, D. C., showing how syblems aie served 
by water power fiom Holt wood and Htife Harbor plant b of Pennsylvania Water 
and Power Co. (From “Combined Energy Genemtion,” by Ezra B. Whitman, 
Trout. A & C E., VoL 104, p. 1120, 1039) 






.: GonowiiiRQ hydro development, Susquehanna River, a rtm-of-river plantwith pondage. Hekdffil it. 252# 

"7units. Minimum stream flow Susquehanna River 2300 sec-ft (average 39,000 sse-ft), full plant discharge 43,000 8ec4t 
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Hoover Dam development. Colorado River, Nevada-Arirona 460 000 hp. 1036.000 kva (1044), 475 ft head, live storage 
rapacity 29152.000 ucie-ft. ( V. S. Bureau of Reclamation.) 


















Hoo\pi Dam development ciosej section through poverhou**' in gorge just below d»m 
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Dam on the Colorado River, Nevada-Arizona (Fig. S), and Grand Coulee on 
the Columbia River, Wilmington (Fig. 9). 

Although at the time n reservoir plant in installed market conditions may 
not make it practicable to install capacity on a peak-load basis, the possibility 
that Mich conditions may soon change should be considered. If the in¬ 
cremental cost of installation is low, provision should usually be made in the 
design for tho later installation of a large amount of additional capacity. 



Fin. 9. Grand Coulee development, Columbia River, Washington. 823,000 kva 
(1944), 330 ft head, live storage 5,350,000 acie-ft (IT. S Bureau of Reclamation.) 


6. Peak-load Hydro Plants, A peak-load hydro plant is one designed 
and constructed primarily for taking care of tho jieak loads of a power 
system. Run-of-river hydro pi a ills with pondage operate both as peak-load 
and base-load plans as river flows permit. A large pond or reservoir is 
essential, and extensive seasonal storage is usually provided. A character¬ 
istic of plants of this type 1 is a high husis of installation in relsuon to stream 
flow. They frequently have large seasonal storage and relativity high heads 
and are likely to be located on small watersheds. They Rtore up the water 
and clip the peakH off the top of the load curve. Plant discharge is often on a 
basis of ti to 10 sec-ft per sq mi of watershed area. Figure 10 slum’s diagram- 
mat i rally a series of peak-load plants of the Georgia Power Compnuy. 

Other illustrations of peak-load plants are Bagnell, Mo. (Fig. 11), Harri- 
man, Vt., and Wnllenpnupark, Pa. 

7. Pumped Storage Plants for Peak Loads. Pumped storage hydro 
plants are peak-load plants that pump all or a portion of their own water 
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k 1(1 P< ik-lmd Indio pi mis of Cuoian Power Comptnv on TftlluWh an«: 
uj,ilo Rive is Thi two now pi plants up on llw Tufcilo Bncr and tin othen 
on its fnlmtivy the Tillulih 



}>iu 11 B^nell do\f lopmpnl Mwoun A prak-load plant, head 90 ft installa¬ 
tion 129,000 hw Note omission of powuhoiur siiperstiurtun. (Union Electnc 
Light and Power Co »St Louis Mo) 
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supply. Essentially they consist of a tnilwater pond, which may be replaced 
by a river or a natural lake, and a headwater pond. During times of peak 
load, water is drawn from the headwater pond through the penstocks to 
ojierate hydroelectric generating units over the peak of the load curve. Dur- 



lfra. 12. Rocky River pumped storage plant near New Milfoid, Conn., 24,000 kw, 
230 ft heud. (Fairchild.) 


ing the off-peak hours, pump** are operated to shunt the water back from the 
tailwater pond to the headwater pond. Power for operating the pumps is 
furnished by off-peak steam-generated energy, sometimes supplemented by 
secondary hydro energy. For heads up to about 300 ft, it is feasible to use 
the same unit for both pumping water and generating power. This demon¬ 
strated fart will enlarge the field of application of surh plants [11* 
Reservoirs for such developments are merely large enough to provide for 
the plant's operation over the top of the peak load of the system it is do- 
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signed to serve, with some margin to permit using the plant for short-time 
breakdown service. A reservoir capacity that will permit full-capacity 
o]MTntiou of the plant for 4 to 10 hr is usual. Occasionally seasonal storage 



Fig. 13 Pumped stmngc hvdioelectric pl.int installed for peuk-lond purposes 
only. Headwater and tail water ponds sufliccnl foi daily oi weekly cycle of 

opei a lions 

has lieen provided for the lienefil of other hydro plants on the nver into 
which the diMlinrgc from the plant JinaJh finds its way. The Hengstcy 
plant in the Ruhr, Genua in, and the Rocky Ri\er plant (Fig. 12) m Cun- 


/*v r Portd, an A// it u O' qp Sforaat t rvotr 



Fig M. Pumped storage hvdrorlrctiic plant intended for regulation for peak- 
load pm poses Heodwatei pond fo a laigr sior.ige lesoivoir, but drainage area 
may lie vetv small Tailwaler is a lelativelj Luge u\ei and is the headwater of 
a liydio plant having a idatively laige dunnage uiea. The pumped storage pio- 
videh peak-load service and also seasonal regulation for the other plants. 

nceticiit are examples of pumped storage hydroelectric plants. Pumped 
slornge plants are luucpie among liydroolertnc plants m that practically no 
water «upply is required. After the headwater or tailwaler pond is once 
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Med, only enough inflow is require! to take care of evaporation and seepage 
losses. Figures 13 and 14 show (Imgraiuiiiatirally two types of pumped 
storage liydro plants. 

8. Successful Pumped Storage Hydro Plants. The utilization of 
pumped storage hydro plants for carrying the peak loads of u system and 
for decreasing the operating costs of existing steam planls by giving them 
higher capacity factors is not new. In Eurojw, at least 40 such plants are 
in successful ojicration, the earliest of which were constructed liefore UKK) 
[ 21 . 

The Niederwariha plant near Dresden, Germany, has an installed eapacity 
of R4,000 kw with a head of 4(H) ft and tail water and headwater ponds each 
with a capacity of about 70,000,000 cu ft, or only enough to permit operation 
of the plant at full capacity for about IVi hr. The plant serves to cut the peak 
off the load curve which would otherwise have to be earned by the Dresden 
steam plants, and off-peak energy from these steam plant' is used for pumping. 

The TTengstey plant in tlie Ruhr, Germany, adjacent to the coal fields, has 
an installation of 140,000 kw' with a head of 520 ft. There is a small pond 
at the headwater (about 40,000,000 cu ft) and another at the (aibvatcr. 
During the off-iieak night hours, the water is pumped from the tailw'atcr 
pond to the headwater pond, using off-peak steam-generated energy. During 
the on-j>cuk day hours, the water i' shunted back through the hydroelectric 
generating unit to the tailwaler pond again. 

Another type of pumped storage plant h roust meted to have a seasonal 
regulating effect on other plants farther down on the watershed. The head¬ 
water of such a plant consists of a large storage reservoir. The* Rocky River 
plant (Fig. 12), for instance, winch has a capacity of 24,000 kw* and a head 
of 230 ft, could operate fj hr each day at plant capacity lor fi consecutive 
months without any pumping. The natural inflow' to the reservoir may lie 
insignificant, or it may furnish a material pari of 1 lie w’ulcr supply required. 
The taihvater of such a plant is either a relatively large river or the head¬ 
water of another hydroelectric plant on that river, and the discharge from 
the piun])od storage plant may pass through a number of hydroelectric plants. 
The discharge is maximum at seasons of the year W'hpn the flow in the main 
river is minimum. Thus, the plant operates to increase the firm capacity 
of plants on the main river. The Rocky River plant, for instance, although 
its installed capacity is only 24,(XK) kw f , creates a total firm capacity of 45,000 
kw. In this respect it operates much the* same as any storage reservoir of 
which the discharge ih utilized for producing power. The e^ent'.-jl difference 
is that a part of tlie stored water must fie pumped from the main iwcr during 
periods of high water. 

The economic analysis of a project of this sort is identical with that for any 
power project wutli storage, except that the necessary pumping involves an 
additional operating expense. 

Pumped storage peak-loud hydro plants have one peculiar advantage over 
the usual jicuk-load hydro plant on a reservoir outlet. Tn the latter type, if 
the reservoir is draw r n too low*, firm capacity will be sacrificed, whereas, with 
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the pumped storage .type of plant under such conditions, firm capacity can 
he maintained by additional off-peak pumping. 

0. Special Application of Peak-load Hydro Plants to Systems with 
Sharp Peaks. Peak-load hydro plants are especially useful in systems sub¬ 
ject to shari) and unexpected short-tune peaks, us m some metropolitan loads. 
In such systems, a dark afternoon may cause coincidence of peak lighting 
loads, ])eak manufacturing loads, and j>eak transportation loads. The result 
is a sharp sliort-tune peak (see Fig. 3, Chapter 14). A load curve of this 
sort necessitates a larger percentage of reserve capacity than is required by 
most power com jinnies If generation is 100 r ; steam, a large part of the 
reserve must be kept hoi and turning ovei, reml> to pick up any unusual 
load. This m turn means Hint the company must keep reserve boiler capac¬ 
ity hot to furnish steam in the event of such a demand. Consequently, to 
sene and to be ready to serve such unusual peaks by means of steam 
electnc power is very cxjiciitive. Peak-load hydro plnnts, on the other hand, 
are particularly adapted io perform such service and can frequently do it 
at much less coat. 

10. Functions of Peak-load Hydro Plants. Referring to Fig. 6, Chap¬ 
ter 14. it will be noted that in the given week the H8,500-kw hydro plant 
upcrales as a jx-nk-load plant clipping off the jicaks of the load curve and 
thus permitting the steam plants to ojierntc lower down on the load curve at 
a higher rapantr factor and ai lower unit production cost However, this 
particular hydro plant is a nm-of-nver plant with large jxmdagc, and it 
would operate exactly in the manner shorn] only at a time of coincidence 
of minimum Demnlier liver flow and maximum drm.md week. Most of the 
time a greal deal more water is available (the merase annual capacity factor 
is around 50',), and the plant then operates further down on the load curve. 
V\ »n full plant discharge is available, it operates oil the base 24 hr a day 
the older steam plants take the peaks. 

In many systems purely peak-load plants prove economical, particularly 
in connection w illi r tor age projects Thus, in the system represented in 
Fig fi, Chapter 14, as-nine that, at* the load increases in future yearn, storage 
is premded on the headwaters of the mer system to such an extent that 
during the minimum Decemlwr flnw and maximum demand week represented 
by Fig 6, Chapter 14, the plant has available, sav, 1,200,000 kw-br instead 
of ihc 438,000 kw-hr which is available without storage. The net effect of 
the increase in load and this additional energy is to leave at all times the* 
sharp peaks of the load curve projecting above the band that can be served 
bv tins plant. 

Consequently, these peaks might be served by installing a peak-load hydro 
plant at the reseivoir. In many cases, the additional expense of such a jicnk- 
load livdro plant need not exceed $70 per kw of installed capacity (see Section 
2, Chapter 13). This low additional amount results from the fact that the 
cost of dams and reservoir for storage is already incurred and the additional 
sum is for intake, conduits, powerhouse, and equipment Chapter 13 deals 
more particularly with the costs of installation. Such installation should 
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aeldom bo made until practically all the installed capacity can be firm on the 
load curve. 

Even if the entire expense of the reservoir must Ik* borne by the peak-loud 
hydro plant, the low capacity factor and consequent high basis of installa¬ 
tion in relation to average annual stream flow would frequently assure a low 
capital cost per kilowatt. 

The prime function of such plants is to carry short-time and unusual loads 
and to serve in case of need as an instantly available reserve capacity for the 
system; but, when operating as reserve, such plants may operate farther 
down on the load curve, drawing down the reservoir for this purpose*. Such 
peak-load hydro plants permit the better steam plants to operate at more 
efficient capacity factors; they obviate the necessity for retaining in service 
so many antiquated high-production-cost steniii plants and for carrying so 
many boilers hot and so many steam units in hot reserve. 
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CHAPTER 12 


COST OF STEAM POWER * 

1. General. In tlic United State* there is nlxiut two and one-half times 
as much steam-generating eapnrity as then* is hydro capacity in central sta¬ 
tions. Modern power-supply systems almost always include at least Borne 
steam plants and are frequently supplied mostly liy steam power. Conse¬ 
quently, it liehooves the hulroelcclric engineer to have a general knowledge 
of steam plants and the cost of atcum-gcnerated electric power. 

Intermd-eoinluiHtion engines as prime movers for the production of electric 
power have their field for small isolated installations. They are also useful 
for reinforeing large power supply systems near the ends of long distribution 
lines. 

However, the relative importanee of the oil engine in the eentral-station 
field is comparatively so small that no space will Ik* devoted to the subject 
in the present work. More than 70% of nil central-station cafiaeity is steam, 
and the remainder consists almost entirely of hydroelectric plants. 

2. Improvement in Steam Plants. The* technical ad\ slice in the design 
of steam plants has lieen very rapid in recent years. In 10120 the public- 
utility plant* of the United Slates required an average of 3 lb of eoal to pro¬ 
duce 1 kw-hr. In 1040 an average of only 1.1)3 ll> of coal was required to 
1 mIucc 1 kw-hr., and some efficient plants and all new plants averaged eon- 
si irrnbly lev* than 1 lb per kw-hr. In addition, old steam plants which wptc 
1 hough I to have very neaih completed their useful lives have lieen rejuve¬ 
nated by the superposition of higk-pressuic unit**, thus IxToming low-eo*»t 
producers of < nergy. 

3. Capital Coat of Steam Plants. The eapitnl cost of steam plants is 
deiK'iulent mi size of installation, cost of fuel, availability of condenser water 
supply, and design, anil also on the price level for the local ion anil the period 
of construct mu. Thus, a highly efficient plant located in a territory where 
fuel is relatively expensive might advisedly cost considerably more per kilo¬ 
watt of installation than a loss efficient plant located in an area where fuel is 
very cheap. Other thing** being equal, a large plant co«*ts less per kilowatt 
of installation Ilian a small one. Similarly, other things 1 icing equal, *i plant 
lorn I oil on a river when* an adequate supply of condenser water is available 
will cost less than one located on a divide where a spray pond must be utilized 
for cooling the condenser water. 

*Thc authors lutve used freely in this chapter tables and figures from Ref. 4, 
where applicable. 
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In general, the cost, in 1947, of a complete steam plant in the United States 
varied from $100 to $200 per kw of installed capacity. A large efficient steam 
plant, (as, sav, 8 units of 165,000 kw each) cost nlxnit $150 per kw of in¬ 
stalled capacity and a small efficient steam plant (as, say, 3 units of 10,000 
kw each) should coat about $170 i>cr kw of installed capacity. 

The initial capital cost per unit of capacity is frequently higher lhan the* 
above because of the provision of land, water passages, fuel-storage and fuel¬ 
handling equipment, foundations, etc., for future units. Table 1 gives over-all 
cost data for nine actual steam plants. 

TABLE 1 


Comparative Investment and Production Costs for Nine Representative 

Steam Plants 


Plant 

A 

H 

r 

D 

E 

F 

r; 

H 

/ 

Capacity, kw 

130.000 

60,000 

335.000 

187,000 

235.000 

80 000 

30.000 

180.000 

145.000 

Number uf units 

3 

2 

8 

6 

4 

2 

2 

0 

4 

Fuel cost per milium Htu 

0.15 

0.16 

0.18 

0.15 

0.15 

0.005 

1124 04 

0 JO 

8125.74 

0.18 

*133.55 
0.125 

Fuel cost, mills per net 
kw-hr 

2.32 

3.44 

3.60 

3.57 

3.11 

1 07 

1.32 

3.01 

2.61 

Other costa, mill* per 
net kw-hr 

1.22 

0-B8 

1.54 

0.76 

0.75 

0.03 

1.37 

0.08 

1.28 

Filed charges per kw-hr. 
13 J% fixed charges 
and mills, 45°' t capac¬ 
ity factor 

3.33 

3.60 

3.00 

4.15 

3.01 

4.18 

4 26 

4.30 

4 50 

Total cost, mil hi jut kw 
hr 

0 80 

7.00 

8.83 

8 48 

7 77 

7.08 

ll.Ufi 

8.80 

B.45 

Tost of caul JUT net loll 
on amumptum of 
13,000 Htu per Ih 

3.00 

4.16 

4 08 

3.00 

3.00 

2.47 

2.00 

4.88 

3.25 


4. Fixed Charges on Steam Plants. Some difference of opinion exists 
as to the proper rate of fixed charges for both sleam anti hydroelectric plants. 
The elements of annual cost which, added together, form the fixed charges 
on a steam power plant are: eo>t of money, taxes, and insurance (usually 
lumped together for convenience); depreciation, and obsolescence. 

Any given case should lie carefully studied to determine the rate of fixed 
charges to use, but, on the basis of the discussions herein, fixed charges on 
steam plants will lie taken as follows for illustrative purposes in the prr-ent 
text: 

Cost of money 7.0% 

Taxes and insurance 2.0 

Depreciation and olisoleHcence 4.5 

Total annual fixed charges on steam plants 13.5% of capital cost 

5. Cost of Money, ‘‘('osl of money” should bo the average 3 percentage 
return which investors in public-utility projjerty have (considering all perti¬ 
nent conditions) a right to expect from this investment. It. is the “fair 
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return* which the couits hive talked ibout This is almost axiomatic, be- 
cuisc, if the utudlv u ih/cd return fillb ptmunenfh Mow a fair return 
nte, investors will not adv mec mono> for j»ir /iduig ulditioiul ficihties 
Thus, m tht long iun, if the jubhc desires the Utilities, it must necessarily 
pcunit a fui ictum 

Some govimimnt projects have used interest on government boneh, an the 
cost of money but thtie i f ill io\ is involved brr mse when the government 
cl(iIs to construct a power plmt, it must forgo the intonu that it would 
otlierwibc obtun in tiie form of fixes 

In order to del ermine the trur cost oi mono ioi i proposed government 
project some such snup is tlic following should bt midi (It is herein 
issumrd tint government construction md ojientioii ire just is efficient 
as it the pioject w is pm itch owned md thit in euh case the propobed 
project would I k Ionicd to the simc extent 

Cosr or Monjx 10 mr Govirnmfnt fob a Powttr Pboifct Amounting to 
$ 1 000 000 (run Ilkm * Goviknmint” as Ustd Hi htin Mi ans Ail Govikn- 

MtNT-111 1)1 HAT Sj ATI , AND LOC AL) 

(1) Tntc list on guve rnmeiit liivtslmt nt ill power jwojcet 

V f on M 000 000 930 000 

(2) I i\cs on piIV itch owned public utility which government will 
lnvc to forint it builds md npnitcs the. piojc i itself, IV { of 
Tcvcnui (in many cases this is mon than 10' ( ) wlur h on a 1 tu 6 
ratio would 1m 

IV of SIM) 700 25 000 

(3) Individual fide til income, taxes of investors on dividends and 
bond interest of altuiiitm piivitch owned piojeit whiih govc m- 
mtnt would have to forgo if it builds and ojm rates the proieet 
itself Smet such mve stoisate onlmtiih ill the higher thin-aviiagc 
income groups tins will probahh avuage 15‘( ot the 7 r t if turn 
received by them in 

1 0V of SI 000 000 10 500 

(4) State and loial taxes on the income of innstois which govern¬ 
ment will hive to foi^o it it bull Is md o]tct ties the project itself 
In Pcnnsvlv inn this tikes the hum of a pusoint propcily tax, 

0 4 ( si etc plus 0 4 't eouiitv on v due s m, 

0 S< r on SI 000 000 8 000 

I old innual cost of muni} to (lOvmmunt foi 91000 000 
power project $73 500 

lie lie i on this Ihsis the line cost of mom a foi the government pioject 
is 7J5 f f| is complied to 7 f / f lor the jimitcly owned project 

Item -i is Ihi wutci s estuuiti is lie does not knowr of iny stitisucs on 
tlie subject In the cist, ot uiv individuil investor, this item would he the 
highest lniicmeut of the income 1 1 \ which he pi>s Time is ilso the que*- 
tion of multiple tixition in some ci-rfs, which would be verv difhcult to 
cv ilunte Item 4 is pircist for the Commonwc ilth of Pennsylvania, except 
thit it docs not ijiply to the freeunties oi corpoiitions incorporated in 
PcnnsaIvami, ficim whuli i more or less equivihnt fix is collected In 
other st itcs the equiv ilcnt tix v incs git itlj in both directions 
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Although it is believed that the foregoing tabulation approximates the 
truth in many ruses, it is presented merely to illustrate one of the setups 
which the government authorities should make as the result of extensive 
study to determine whether or not it. is advisable to construct a government 
project* 

Necessarily "cost of money” is not a fixed rate. It varicB according to 
time, location, and the financial standing of the organization. In preliminary 
setups for established organizations of good standing, 7% of the capital cost 
per year is usually considered a proper cost of money and has been gener¬ 
ally used in illustrative examples in this hook. 

For well-established power companies in the United States the cost of money 
(represented by earnings on bonds, preferred stork, and common stock, pliiH 
expense of financing) in normal times will be from 6% to 7%%, but temporary 
financial conditions may cause considerable variation. If the financial con¬ 
dition of the power company is not sound, or if present or prospective gov¬ 
ernment competition is a fnrtor, the cost of money limy be so murh grealer 
than what the public-sendee commissions would consider a fair return on 
capilal that additional capital expenditures arc practically prohibited for the 
time* being. 

All that lias been said al>ove about the cost of money is applicable not 
only to steam plants but also to hydroelectric plants and, in fact, to all the 
capital expenditures of publir utilities. 

6. Taxes and Insurance. In determining the proper cost of taxes to use, 
it is not u"*unl or desirable to include income taxes, as these are dependent on 
earnings; merely the local taxes on land and property, gross-receipt taxes, 
etc., are commonly included. Manifestly, taxes will vary materially with 
location, and as steam plants are generally located at or near a center of 
population, their taxes will usually lie at a higher rate than those for hydro 
plants, which are likely to be located in remote mrul sections. 

Actual taxes paid are of interest in this connection. Current total annual 
taxes paid by several large systems as a percentage of fixed assets are us 
follows: 

Commonweal <h and Southern Power Corporal ion—1.8% of fixed a.*scts (1315% 
of revenue) 

Niagara Hudson Power Corporation—2 8% of fixed nwts (18% of revenue) 
United CSiw Improvement Company— 2.3% of fixed assets (12 5% of revenue) 
Standard Gas and Electric Company—2.3% of fixed assets (13.5% of revenue) 

All taxes, both property and income taxes, are included in the above. It 
might be pointed out also that the property tax rale is usuall} much higher 
in cities than in rural communities. 

Insurance rates vary less widely but arc eonfiued to the insurable items 
in the plant. In illustrative examples herein, the annual cost of taxes and 
insurance is assumed as 2% of the capital eobt of a steam plant. 

* Tran*. AJS.CJ5., Vol. 104, p, 1151, 1039 (Justin on Cost of Energy Generation). 



' DEPRECIASl&N; ANIJOBSOLESCEKCE ■. 

7. Depreciation and Obsolescence. When a man Guilds any kind^ 
plant or machine, he knows that its useful life is limited;:! Accordingly, it is 
necessary for him, at least theoretically, to make / annual payments to a fh- 
serve fund large enough to cover renewals and replacements and also to 
finance a new plant of the same size when the present one is.no longer use¬ 
ful. Depreciation and obsolescence are in reality separate factors; deprecia¬ 
tion is due to physical deterioration, Whereas obsolescence is dependent oh 
the advance in science or in some other industry. Thus, an interurban trolley 
line may have all its track and equipment in excellent condition but may be 
obsolete and have to discontinue operations because of the development of 
interurban bus lines. 

Theoretically it should be a simple matter, to determine precisely the proper 
allowance for annual depreciation. All one needs to do is to make sufficient 
payments to a reserve fund so that necessary withdrawals from that fund 
will keep the given equipment in perfect operating condition for all time. 
Practically, the determination of a proper allowance for annual depreciation, 
is not so simple. The life of any given piece of equipment cannot be accu- . 
rately determined in advance, and even the operation of confound interest, 
usually assumed for the reserve, is not at all certain from a practical stand’- 
point. 

Obsolescence is still more uncertain from both a theoretical and a practical 
standpoint, because no one can foretell just when an advance in the science 
or possibly an advance in some other indiistry may make any particular 
equipment entirely obsolete. Consequently, no fine degree of precision is 
warranted in determining the proper annual payments to reserve to take 
care of such items. The best guide is experience. 

In this connection, the actual practice of soundly operated systems is of 
soin'* interest. The following are approximate current annual payments to 
“reserve for renewals and replacements” or “depreciation reserve’- for the 
purpose of covering depreciation and obsolescence in several of the country’s 
major systems: 

Commonwealth and Southern Power Corporation—1.5% of fixed assets (11% of 

revenue) 

Niagara Hudson Power Corporation—2.0% of fixed assets (12.8% of revenue) 
United Gas Improvement Company —1.7% of fixed assets (9.1% of revenue) 
Standard Gas and Electric Company—2.0% of fixed assets (12.5% of revenue) 

The above are over-all rates on all the property of the public utility, 
There is, of course, a wide variation in the depreciation and obsolescence 
rates on the various items. Thus, the rate on a modern office building would 
be much less than a steam power plant, and the rate on a hydroelectric plant 
(with its usually large investment in lands, riparian rights/ and dams) probr- 
ably much less than for either office buildings or steam plants. 

Although essentially different, these two factors, depreciation and obso¬ 
lescence, are bracketed together here because both are dependent on the timh 
element and also because it is usual practice with public utilities to utilize a 
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single reserve /or both factors. The estimated useful life expectancy of the 
various elements of a strain plant, as used by inuny engineers, is given in 
Table 2. 

TABLE 2 

Useful Life Expectancy of the Principal Parts of a Steam Power Plant 


Description 

Pro liable'Life, 
years 

Accumulators 

15 

Boilers—water tube 

20 

Boiler accessories 

20 

Breechings—st eel 

10 30 

Buildings 

Brick 

30 

Wood or wood frame 

20 

(/allies and feeders 

15 25 

Coal and ash machinery 

20 

Compressors—air 

20 

Condensers 

20 

Cranes 

30 

Economizers and air preheaters 

15 

Electric generators 

20 

Electric motors 

20 

Engines—small steam 

15 

Feedwater heaters 

20 

Fences 

12 

Foundations 

Same as life of 

Fuel-oil-handling equipment 

equipinenl sup|H»ited 
20 

Furniture and fixtures 

15 

Pipe and pipe covering 

15 25 

Pumps—reciprocal ing 

15 20 

Pumps—centrifugal 

20 

Starks—brick or concrete 

30 

Steam turbines 

20 

Steel 

12 15 

Stokers and other fuel-burning equipment 

20 

Su]jerheatcrH 

20 

Switrhtmards and swilchboard equipment 

20 

Tools and shop machinery 

15 

Transformers 

15 


Both the sinking fund and fixed-rate methods are used for de'ermining the 
proper mini ad payments to the reserve for depreciation and obsolescence or 
“reserve for renewals ami rcplaeements.” Engineers usually favor the sink¬ 
ing-fund method, wliieh is utilized herein. Figure 1 gives curves for deter¬ 
mining the aniuial payments to depreciation reserve that will make reserve 
equal capital cost in a given number of years. Table 1 of Chapter 16 gives 
the same data but for a wider range of money rates. 
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Fig 1 
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Both depreciation and otisolosconce considered, it seems to be the con¬ 
sensus of the best informed that the over-all useful life expectancy of steam 
plants is 15 to 1G years. On this basis and with the reserve fund money 
operating at 5% compound interest, annual payments to the reserve have 
herein been taken at 4.5%. 

8. Capacity Factor. The capacity factor at which a power plant operates 
has a major influence on the cost of power. Some engineers speak of the loud 
factor of a power plant when they mean the capacity factor. Load factor 
concerns the load of the system or plant, whereas capacity factor concerns 
the capacity of the plant. Inasmuch as power plants are seldom loaded to 
the limit of their capacity, then* is usually a material difference lictwecn the 
value's of these two factors. The rapacity factor for any given period of time 
(day, week, month, or year) may be defined as the ratio of the energy that 
the plant actually produced to the energy that it might have produced if 
operated at full capacity throughout the period. 

Thus, if during a given week the peak load on a power plant with n capacity 
of 100,000 kw was 65,000 kw, and if the energy produced by the plant was 
0,720,000 kw-hr, the capacity factor for that week (108 hr) would be 


6,720,000 
100,000 X 10K 


0.40 or 40% 


During the same period, however, (lie land factor on the plant would be 


6,720,000 
65,000 X 168 


0.616 or 61.0% 


The term “plant factor" as used by many engineeridentical with '‘caiKUi- 
ity factor 1 ' as here defined. 

9. Actual Capacity Factor of Power Plants. One advantage which 
steam plants inherently possess is that they may lie operated at almost am 
necessary capacity factor up to Ihe practicable limit, whereas the annual 
capnrity factor at which hydro plants operate is usually limited by the varia¬ 
tion in water supply (except in the case of hydro plants like those at Niagara, 
where installation is less than minimum stream flow and uhere annual rapar- 
ity factors may exceed 05 r £). Theoretically, a steam plant might operate at 
a 100 r f annual capacity fuctor, but practically, because of the necessity for 
an annual take-down period, the maximum annual capacity factor is much 
lower and the usual practicable maximum annual capacity factor does not 
exceed 80%. 

Actually the average annual rapacity factors of steam plants n the United 
States is somewhat lower than those of hydro plants, as shown by Tables 3 
and 4. 

10. Decline in Annual Capacity Factor of Steam Plants. When a 
new steam plant is constructed, it is usually one of the most etficicnt steam 
plants in the system, and, accordingly, as much of the system load .'is prac¬ 
ticable is thrown on it during the early years of its life or until additional 
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TABLE 3 

Annual Over-all Plant Factorr or All Planth Operated by Electric 
Utilities and Other Organizations Producing Electrical Energy 
for Public Use * 



All Hydro 

AH Steam 

Year 

Plants 

Plants 

1036 

47.4 

30.8 

1927 

40.2 

30.5 

1928 

51.6 

29.6 

1929 

48 0 

32.4 

1930 

43.4 

30.0 

1931 

37.5 

27.7 

1932 

40.K 

21.4 

1933 

41.1 

22.0 

1934 

40.0 

25.1 

1935 

46.7 

26.3 

198(1 

45.8 

32.2 

1937 

4!) 7 

34.2 

1938 

48.5 

30.0 

1939 

45 0 

35 0 

1940 

48 5 

38 7 

1941 

50.1 

44.7 

1912 

50.1 

45.3 

1143 

G2.S) 

50.6 

1144 

50 1 

52.0 

1145 

61.0 

47 3 

194(i 

60.1 

47.5 


* l 4 rum dal a in Federal Power Commission publications N-48 ami S-50. 


TABLE 4 

AlTROYIMATE 0 YE It-ALL PLANT FACTORS * OP THE ELECTRIC LlGHT AND POWER 

Industry in the United States 

Description 1020 1027 1028 1020 1030 1031 1932^ 1033 1034 1935 1036 1037 

All hydro plants 45 15 40 48 4i 35 3Q~ 40 30 15 45 4B 

All hi earn pUntn 30 20 20 31 20 28 21 2225203234 

* Peicenlaicp computed from baur data in BUctncaJ World, Jan. 15, 1038. Haul factoi is the same 
ba capacity factor. 
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efficient or more efficient plants are constructed. From that point on, the 
annual capacity factor of llic plant generally declines. Figure 2 shows the 
influence of age oil the annual capacity factor of steam plants. 

This decline of annual capacity factor with age, which occur*? with steam 
plants (and not with hydro plants), is one evidence of obsolescence and is 
on important factor in determining the total cost of steam power, as the rda- 
tively high annual cost of depreciation and obsolescence indicates. 



Fin. 2. EJTci'i of iijic oil annual rapacity fact in of men in plants. 

11. Operating Costs of Steam Plants. Opcr.itmg costs of steam plants 
are sometimes stated as averaging mi inanv null* per kilowatt-hour. This is 
an extremely inexact method and is practically useless for eronomie studies 
unless accompanied by a statement of the operating statistirs of the plant 
to which it applies. 

The facts of the matter are that a substantial portion of the annua] operat¬ 
ing and maintenance costs is inclined ju*d to keep the plant ready to nin if 
required and that the remainder of 1 lie oprraling and maintenance civ«t is 
very nearly proportional to the number of kilowatt-hours produced. Thus, a 
steam plant held in riveive and utilized to carry unusual peak loads may 
have an animal capacity factor of, sav, 10 f \ and show an aiiminl operating 
cost of 10 mills or more per kw-lir, whereas (he same plant nitrated at an 
annual ea]iacit> factor of 50% may show an aveingc opeiating co*t of 3 mills 
per kw-hr. 

Figure 3 shows the effect of annual capacity factor on the total cost of 
steam-general ed energy. 
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12. Fixed and Variable Cost of Operating. To facilitate economic 
comparisons lwtween the \ .mans stiaui plants of a system or between steam 
plant- and liydio plants, the total minu.il operating cost of a steam plant 
maj le allocated in accordance with the following formula: * 

A = K\ + Aa + [Ka X Lw-Iit) 

where A = the total o|>erating cost in dollars for the your; 

A'i = tliut jMirtion ol the total nitrating cost which is detemiinod by 
cuimeily; 

A'j sr tlmt fxirt ion of tlie total ofierating cost which in determined by 
the |leak prepared for; 

Ka X kw-hr = tliut portion of the total njieniting cost which is projx>rtional 
bo the manlier of kilowatt-hours produced. 

For preliminary economic studies it is usually sufficiently exact to combine 
X* with K l . This would l>e precise only if the plant were fully utilized each 
year. The formula then becomes 

A = Ki + (Ag X kw-hr) 

It is frequently utilized on a per kilowatt of installed capacity basis, and A'i 
is then spoken of as "the fixod cost of operating i>er kilowatt of capacity,” 

♦This melhod of cost Allocution elosciv follows one devised by N. E. Funk 
and is drscnbcd in mcne detail in Chnplcr fi of Ref. 4. 
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and Kn X kw-hr is referred to an “the variable cost of opera ting” because it is 
dependent on the number of kilowatt-hours produced per kilowatt of capacity. 

The approximate accuracy of the above formula can be demonstrated by 
taking the production and operating cost records for a given steam plant for 
a number of years and plotting net kilowatt-hours produced us aheissns against 
total 0 ]>eratiiig cost (equating to the same nnil cost for fuel and iubor). It 
will be found that the points arc very nearly on a straight line that intersects 



0 100 200 BOO 400 500 600 700 

Annual KwHr. Output, Millions 

Fig. 4. Method of dividing operalmg costs, otr. 

the Y axis aliene the origin. The* point on the 1" axis *liows the annual fixed 
coht of operating, and the difference hHwccn it and pouits on the slanting 
straight line indicates the variable, or incremental, coi-t of operating (as it 
is Mimetlines called) fur any given annual output of energ>. Figure 4 allows 
the results of such a plotting for a planl with an installed capacity ot approxi¬ 
mately 100,000 k\v. 

13. Actual Annual Costs at Steam Plants. From the preceding dis¬ 
cussion it is evident that operating costs at steam plants will vary over a 
rather wide range. Table 5 gives an analysis of operating cost -it ten typical 
sieam power stations. 

Plant A is an efficient high-pressure plant, and, although it was roinpfeted 
in 1020, very few plants show greater economy today. 

It will be noted that the incremental costs vary all the way from n 1.58 
mills ]>er kw-hr (riant 1) minimum to a 4.12 mills per kw-hr (Plant G) 
maximum, uiul that the annual fixed cost of o]tcrutmg vanes from n $2.30 
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TABLE 5 


Analysis or Production Corn* or Ten Typical Power Stations 


Pbnt 

A 

B 

0 

D 

E 

P 

Q 

H 

1 

J 

Capwrtv, kw 

60,000 

120 000 

100 000 

168,000 

70 000 

160,000 

70 000 

26,000 

21 000 

80,000 

Number of unit* 

/Ti + Kjt coat per kw 

1 

2 

2 

6 

2 

6 

8 

2 

1 

1 

rojmmtv 

u so 

14 40 

94 00 

94 51 

13 06 

94 16 

911 44 

98 00 

98 20 

98 00 

XiriMti imlhpw k*-tar 

1 75 

2 45 

2 60 

3 34 

2 75 

2 01 

4.12 

2 28 

1 5B 

1 60 

CmI cm 4< per rct Ion 

94 00 

94 30 

92 28 

94.65 

94 00 

94 35 

92 26 

92 00 

91.10 

14 80 

Btu per lb in wul Uvg.) 

14 000 

18 BOO 

10 500 

13 Bpc 

14 000 

13 800 

10 BOO 

10 BOO 

10,800 

12.000 

Ymr built 

1929 

1026 

1227 

1924 

1025 

1922 

1019 

1028 

1020 

1087 


1927 • 1090 * 


* Additions to anginal station. 


per kw of caparity (Plant A) minimum to u $11.44 per k\v of capacity (Plant 
(!) maximum. 

To obtain the total annual cost, fixed charges must be added to the above, 
whirl), using a rule of 13.5% (see Section 4) and a capital ro^t of $100 per 
kw, would alone amount to $13 50 per kw of capacity per year. 

Each particular pi Illation requires invest igation by engineers experienced 
in steam plant engineering in order to determine the actual or anticipated 
cost of steam-generated electric power. In general, assuming that units need 
not be smaller than 30,000 kw each, it is seldom necessary that the total cosl 
of steam-generated elect uc power fiom new plants where the coat of 14,000 
litu pei lb coal is $4 00 net ton should exceed $10.50 per kw per year pluR 
12 3 nulls jkt net ku-hr generated i>er kilowatt of installed capacity. Thw 
figure includes fixed charges at the rate of $13 50 per kiv per year. 

14 Effect of Fuel Cost on Cost of Steam Power The effect of the 
cost r uel on the total cost of steam power is considerable but not as great 
as one unfamiliar with steam plant cost** might exiieet Tims, the total cost 
jier kilowatt-liour of pleam-gcncratcd electrical energy (including fixed 
chatgfHj at 50% capacity factor might be 0 mills for a modem steam plant 
with 14,000 lltu coal costing $4 00 per net ton at the plant. If the cost of 
coal is havered from $4 00 per net ton to $3 00 per net Ion, the total cost of 
cuerg> at 50% capacity factor will lie nulls jier kw-hr, a reduction of % 
mill jier kw'-hr The reduction ui fuel cost has been 25%, but the reduction 
in total cost of energy has been only about Wio%. 

With regaid to the incremental cost of energy (the K n factor in the formula 
given in Section 12 of this chapter), the cost or K A factor is very nearly, but 
not quile, proportional to the cos*t of coal. This is because approximately 
00% of K a is fuel cost, whereas only about 15% of the K y factor is cost of fuel. 

It may Ik 1 rather loosely stated that for a modem steam plant a change 
of $1 per net ton m the price of coal will result in a change of Vi mill in the 
total cost of electiical energy generated over any usual operating range. For 
the older, less efficient plants Ihe difference will be greater. 
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The effect of variation in the cost of fuel on the total coat of electrical 
energy produced by a steam plant is shown in Fig. 5. The plant is a more 
or lew typical modem steam plant having a capital cost of Si IK) per kw of 
capacity with fixed charges of 13.5'r and using 14,(XX) Rtu coal. 



15. Fuel Oil and Gas Equivalent of Coal. If one is dealing with prob¬ 
lems involving the nw* of fuel oil, it ih often convenient to substitute the 
equivalent in tons of coal, as would be the case in u^ing Fig. 5. One net ton 
of 14,000 Btu coal contains aS^KXJ.tKX) Blu. Over-all elliesency when bunting 
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fuel oil in not usually quite mi great fis when burning co/il Hcnoe, 1 bbl 
(42 k«i 1) of fuel oil containing 0,000,000 Bln can lie a ruined to have an effec¬ 
tive Btu content of 5,800,000, and 1 net ton of the coal considered in Fig. 5 
can be tnk<n us the equivalent oi 28,000,000 — 5,800,000 4 83 bbl of fuel oil 

containing (>,000,000 Bln ]ier bbl (or ls,r>CKl Bin pei lb of oil weighing 7 7 lb 
per gal). Foi uplinee, it such luel ml costs $1 (K) jier bbl, it it equivalent 
to the coni of Fig 5 costing $4.83 jiei net toil 

If the fuel is gas, snnph ileteimnie the cost of 28,000,000 Btu of gab and 
use Fig 5 in the *aine manner. 
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COST OF HYDRO POWER 

1. Capital Cost of Hydroelectric Plants. The cajiital cost of hydro¬ 
electric plunls \uricH over a much wider range than that of Htcam plants. In 
1947 modem steam plants generally cost fry in $100 to $200 ikt kw of installa- 
tion. On the other hand, the cost of hydroelectric developments nuis all the 
way from $1.70 to $400 per kw of installation. 

The capital cost of a hydroelectric development or project* includes the 
cost of all lauds and riparian rights; the cost of railroad, highway, and other 
pulilie-utility changes; anil Ihc cost of construction, engineering supervision, 
and overhead iur all it tuns of the development up to the low-tension side of 
the step-up transformers The step-up transformers, high-tension switching, 
and transmission lines, etc., are not usually included in capital cost of the 
hydroelectric development. It is necessary to emphasize this definition be¬ 
cause it ls found that, though the above is generally accepted, some engineers 
include cost of transmission, and others, in speaking of the cost of a hydro 
development, may leave out such items as riparian rights and lauds. Others 
may indicate an astonishingly low unit cost for a hydro development by allo¬ 
cating a large part of the cost of the dam and reservoir to some other function 
like flood control or irrigation. In the present work, where cost of the devel¬ 
opment or project is used, the total cost, as defined above, is meant. The 
allocation of such costs in accordance with liencJits derived is a different 
problem. 

The reason for the greater range of cost for hydro plants than for steam 
plauls is not difficult to find. Only about 1.7% of the total cost of steam plants 
is influenced by topographical and geological conditions, whereas, with hydro¬ 
electric developments, 7.7 to 85% of the total cost is thus affected. 

Factors affecting the capital cost of hydroelectric developments arc: 

(a) Riparian rights and control of site. 

(b) Topography of the site. 

(c) (jJcological conditions at dam site and reservoir site. 

W) Extent and value of lunds flooded. 

(c) Public utilities required to be relocated such iih roads, bridges, railroads. 
pi]>e lines, and power lines. 

♦Wherever in this book the form hydroelectric project or hydro project is 
used it should be 1 understood to mean a proposed hydroelectric development. 
Similarly, a hydroelectric development oi a hydro development is a project 
which has actually lieen constructed. 
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(/) Tow iu> and romm unities flooded 

ig) Quantity and character of htieani flow, 1 e, a btcud> flow, or aubjoct to 
wide \dilation with exticme floods 
(A) Available head 
ki) Capacity of the development 

t;) Pin c hi el (prevailing cost* of laboi, material* and equipment at the 
flint and plate of constitution) 

(6) Skdl of thr engineer 

(/) b nicsiglit of executives 

(m) Lfljutntv of the constitution oiguu/ation 

The above factors die not list *d m thi ordei of importance It would be 
cntmlv nnpiactir ible to nnk them, .is the order of importance would change 
matcinll> from project to project Beriusc their is usuilh not pisl a single 
site to Ik considered, but seve^d some ol them on difterent v\ itei*heds f and 
d-u In cause flit* si/e ol the development and head ue usuallv open questions 
Ik fore construction it is probible tint, in most cases \h) the skill of the engi¬ 
neer, (/) the ioi(sight of executives, md (;) the cflinencv of the constnirtion 
mg mi/itinn aie the most import int f ictor* dote running the capital cost of 
the development 
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(D) ■- Power plint at dam 

(P) — IHn^otk uidudinK flow but conduit 
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From the above it is clear that hydro development h are quite individualifltic 
and that problem and costs are sure to vary over a wide range. 

Although it would be possible to give an extensive compilation of the cost 
of existing hydroelectric development, it is believed that the list in Table 1 
is fairly representative of American plants. Since the data arc largely from 
the authors' files, designating numbers have been used instead of the actual 
names of developments. 

In Table 2* is given the cost of a number of hydroelectrip plants with the 
total cost broken down (or allocated) among the various features of the 
development as dam, waterway (or ronduil), powerhouse and equipment, 
highway and railroad relocation, etc., and land and water rights. 

From the data in Tables 1 and 2 it is evident that there is nothing con¬ 
sistent about the cost of hydroelectric developments. It is almost literally 
true that each is a law unto itself. Furthermore there is no adequate simple 
yardstick for measuring the reasonableness of the eost of a hydro develop¬ 
ment. A development which cost $400 per kw would sound like a very ex¬ 
pensive development. Although usually that would be true the development 
might include u large 1 reservoir which “firmed" up the capacity of a number 
of plants down the river and I hen that eost might lx* entirely reasonable. 

The total capital cost of another development might be only $120 per kw, 
which, offhand, sounds reasonable. If, however, it is a low-liead, run-of-nver 
plant without pondage, whore the plant lieroinc'* frequently ino]>erative be¬ 
cause of high tailwater, then the rust might, in reality, lx* unreasonably high 
and economically unjustified. The subject of the economic advisability of 
hydro installation is fully discussed in Chapter 13. 

2. Increment Cost of Hydro Installation. As indicated in Tables 1 
and 2, the cost of hydroelectric developments vanes widely, and total cost 
may not bear any direel relation to the amount of installation. However, 
for any given site, certain portions of the total cost are at least roughly pro¬ 
portional to the capacity installed. In general these parts are intakes, con¬ 
duits, powerhouse, and equipment. 

Because the cost of tlio^c four items \aries so nearly with installation rapac¬ 
ity they may lx* termed the increment eost of installation. Thus, if the total 
cost of these items for some given plant is $000,000, and the installation is 
10,OCX) kw, the increment unit cost of installation would be SfiO per kw for that 
project. It Ls usually a fair assumption that additional units might have 
been added at this unit cost at the time the plant was constructed. Usually, 
when one “peaks of the unit eost of powerhouse and equipment for low-head 
plants, he means the same tiling as the increment unit coBt. 

One would expect to find that the increment unit cost of installation for 
high-head plants would lie much loss Ilian for low-head plants. A careful 
study, however, bus justified the conclusion that it is impracticable to find 

* Table* 2 in abstracted from a more extensive table on p. 1099 of Ref. 3, 
Section 15. 
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any general relationship*between head and increment unit cost of installa¬ 
tion [2]* In fact many of the very low-head plants were found to have 
among them the lowest increment unit costs of installation. 

In general, in 1(147, it was usually not practicable to design and construct 
a hydroelectric project having an increment unit east of installation less than 
$50 pei kw. It may also be stated that it is seldom necessary for the incre¬ 
ment unit cost to exceed $100 per 
kw. When the initial const ruction 
includes tailruco unil the whole or a 
portion of the substructure, the in¬ 
crement unit additional cost of add¬ 
ing additional capacily to the existing 
piunl may be much less than the 
figures mentioned above. 

3. Effect of Increment Unit 
Cost of Installation on Total 
Cost of Project. If a hydroelectric 
project is being considered for con¬ 
struction in any river, tile site and 
practicable head will be determined 
a y the result of field investigations 
and office studies. The next problem 
is to determine how much capacity 
to install. The cost of lands and 
riparian rights, of relocation of pub¬ 
lic utilities, and of the dam will re¬ 
main practically constant regardless 
of tli amount of capacity installed. 

The lent,‘lining costs or '‘increment 
eewt of installation” (powerhouse and 
equipment including intakes and conduits) will vary almost directly with the 
capacity which it is decided to install. Consequently the total cost of the 
project may Ik* expressed by the formula 

C - F + IY [\] 

in which C = total capital cost of the project; 

F = that portion of the cost which is fixed for the given site and head 
regardless of installation; 

/ = increment unit cost of installation per kilowatt of capacity; 

Y = number of kilowatts of capacity which it is proposed to install. 

Figure 1 shows the effect of increasing an muni h of installation on the total 
unit cost at a well-known development. 

* See p. 151 of Ref 2 in the hihfioKmphy at the end of thin chapter. 



Total cost of development, 
dollars oer kw of installation 
Fin. 1. Effect of increasing installation 
at a certain hydroelectric development 
on total unit, capital coat. 
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4. Cost of Bridgeport Hydro Plant. At the Kite of the Bridgeport 
hydroelectric project, which has ample pondage hut no storage, the deter¬ 
mined average net head is 50 ft and the costs which are fixed (dams, lands, 
riparian rights, relocation of public utilities, etc.) amount to $0,000,000. This 
is factor F in Eq. 1 above. It has also been found for this site that the value 
of I (increment unit cost of installation per kilowatt of capacity) is npproxi- 



Fiq. 2. Bridgeport hydro project. Effect of mkc of installation on total cost per 

kilowatt. 

matcly $45 per kw The total capital cost of the project, then, mgy be com¬ 
puted in accordance with Eq. 1, shown in Fig. 2. At an average net head 
of 50 ft, 1 sec-ft will pioduce 3.-17 kw (at over-all efficiency of about 82% 
from water to the step-up side of the transformers). On this basis, the 
power duration curve of Fig. 3 has !>een plotted from a long-term record of 
si ream flows at the site. 

On the basis of Fig. 3, the curve o * Fig. 4 has been computed showing the 
average annual energy output, the average annual capacity factor, uml the 
capacity factor during the week of minimum stream flow, all for various 
amounts of installation at the site of the Bridgeport hydroelectric project. 

In Fig. 2 the decrease in total capital cost per kilowatt of capacity with an 
increase in installation is seen to lie very marked for the Bridgcjiort hydro 
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project, which is more or lew typical. With only 10,000 kw installed, the 
total capital coat 1 a found to be $G45 per kw, whereas, if the installation is 
increased to 120,000 kw, the capital cost Incomes $95 per kw of capacity. 

From Fig. 4 it ib noted that the average annual energy production for 
10,000-kw installation ib 87,600,000 kw-hr (100% capacity factor). If the 
installation were ever increased to 
120,000 kw, the possible average 
annual energy output would become 
487,200,000 kw-hr at an annual ca¬ 
pacity factor of 40.5%, and a ca¬ 
pacity factor of 8 4% during the 
week of minunum stream flow. 

Whether it will be economically 
advantageous to develop a project 
like the Bridgeport hydroelectric 
project will depend on (a) neamcbs 
to a load center, 16 ) shape and size 
of the load curve to which it might 
Ik* connected, and (r) the annual 
cost of the project as compared to 
Ihnt of ‘'Ome other plant, steam or 
hvdro, w T hich might perform the 
same function. Section 19, Chap¬ 
ter 15, discusses the eronomic feasi¬ 
bility of this project under certain 
conditions. 

5. Transmission Cost. Steam 
plan* are usually relatively near 
the load centers which they serve, 
although there are plants which, in 
order to secure an adequate source 
of condenser water and/or cheaper 
transportation for fuel, are located at some distance from the center of 
gravity of the* loads which they serve. The steam plant engineer usually has 
considerable option in locating his plant to the greatest economic advantage. 
The hydroelectric engineer, on the other hand, does not have nearly as much 
freedom in his choice, ns the location i^ largely determined by questions of 
topography, available water supply, and available head. Consequently, hydro 
plants are likely to be located far from the center of gravity of the loads to 
be served and frequently a transmission line of large capacity must be con¬ 
structed for the delivery of substantially all the output to a load center. 
(See also Chapter 43, "Tranwnission Lines.”) 

For this reason the cost of transmission must usually be considered in 
connection with hydro plants. The cost varies greatly with the voltage util¬ 
ized, the ca]iaeity of the line, and the degree of reliability required. 



Percentage of time available 
Fig. 3. Power duration curve for Bridge¬ 
port hydro project. 3.47 kw per ser-ft. 
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The data in Table 3, furnished by C. D. Gibbs,* may be useful in the 
preparation of rough preliminary estimates of the cost of transmission lines 
in connection with hydro projects. The costs given are more or less typical 
and do not include right of way, step-up or step-down substations, snitching 
stations, or synchronous condensers when necessary. 


Capacity factor, par cant 
0.0 10 20 30 40 50 60 70 B0 90 100 



Possible energy output - millions of kw-hr per year 

Fit;. 4. Bridgeport hydro project. Average possible energy output. Average 
annual cnpucily factor. Capacity factor duimg week of minimum stream flow. 


Price* are on the basi> of labor and material* in 1030 and should lie used 
only tor rough preliminary estimates. Before a final preliminary pinnate is 
presented, the transmission facilities required should be designed in some 
detail in accordance with Chapter 43, and a built-up estimate prepared. 

Right-of-way costs for undeveloped territory may be less than $1,000 per 
mi, but in well-developed or miburlian territory the cost of riglu of way for 
a high-tension line may exceed $15,000 per mi and in some cases has exceeded 
$100,000 per mi. 

Switching stilt ions without transformers (Chapter 42), where required, may 
cost $4 to $6 per kw of rapacity. Step-up or rdcp-down substations Chapter 

♦Electrical engineer, I)ny & Zimmerman, Inc., Philadelphia, Pa. 
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TABLE 3 


Approximate Capacity and Cost of Transmission Links * 



Practicable 



Cost, dollars per mile t 


Length for 

Conductor 

Rise 

Circuit 



Description 

Hinted 

Capacity, 




Capacity, 

kw 

Single 

Double 


miles t 



Circuit 

Circuit 

33-kv wood-pole 
line 

66-kv If-frame 

33 

No. 4/o BAH 1 

10,300 

7,500 

10,000 

w F oo<1-polc line 
66-kv steel-tower 

66 1 

i 

300,000 em 

29,600 

10,000 

.... 

line | 

110-kv H-frame 

66 

1 

300,000 cm 

29,000 

12,000 

15,000 

wood-pole line 

110 

400,000 cm 

65,100 

14,000 


110-kv steel-tower 
line S 

154-kv si eel-tower 

110 

400,000 cm 

65,100 

I 

15,000 

1 

18,000 

line 

220-kv steed-tower 

154 

1 

300,000 cm 

114,000 

20,000 


line 

i 

1 220 

, ' 

650,000 i m 

1 1 

212,000 

23,000 



* Capacity based ujwin a single circuit delivering power at the ratefl line voltage 
to a unity power factor load Under these conditions the line loss will be 8.63% of 
the <1 ’iwered kilowatts At other than unity power factor Lhe capacity will lie in 
kilovn l-amperes, but the lews will be in kilowatt* at the name percentage of delivered 
kilovuit-umperes. The Ions will be directly pioportional to the length for other dis¬ 
tances. 

t These posts based on prices in 1030. 

t Other things being the same, the capacity for shorter distances will be approxi¬ 
mately inversely pioportional to the distance. Thus, if 10,000 kw is the capacity 
of a circuit 48 mi long, 40,000 kw will lie the capucilv of the same circuit 12 mi long. 

§ ft is rarely economical to use single-circuit steel towers for these voltages. TTsu- 
all> a two-circuit tower ih installed, thereby providing for a future second circuit. 

41) may cost from $8 to 814 per kw of rapacity. Synchronous condensers, 
sometimes required on long high-tension lines up to 10 or 15% of the capacity 
of the line, may cost $15 1o $20 per kw. 

It is never satisfactory to have the output of a hydro plant dependent on 
a single transmission line. The arrangement should always lie such that, if 
from any cause one transmission line goes out of service, the line or lines 
available can still deliver the lull plant rapacity. Otherwise the capacity 
could not be relied on It is much better, but not always practicable, to have 
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the transmission lines carrying power from a hydro plant follow different 
rights of way to the market. 

If the capacity of a hydro plant were 100,000 kw one should have either 
two transmission lines of 100,000-kw capacity each or three transmission lines 
of 50,000 kw each. 

The annual cost of transmission lines, including fixed charges and operation 
and maintenance, is usually taken at about 12% of capital cost. 

6. Transmission Liability against Hydro Projects. A hydro project 
is sometimes spoken of as having a “transmission liability/’ By transmission 
liability is meant, the additional annual cost that would have to Ik* incurred 
for additional transmission facilities over that which would be incurred if, 
instead of hydro, steam were added to supply the requirements for increased 
capacity. 

Not all hydroelectric projects have this transmission liability. Some ter¬ 
ritorial companies have located the large new steam plants on rivers where 
an ample supply of condensing water is available. Such locations are fre¬ 
quently quite remote from the center of gravity of the system loud. In some 
instance's where a hydroelectric project is being considered, it is thus found 
that the alternative steam plant would necessitate as large an Annual cost for 
additional transmission facilities an the hydro project, and, consequently, in 
such a case there would Ik* no transmission liability against the hydro. 

There are some other ca^os where the transmission liability against the 
hydro is quite small because, although the required transmission facilities 
may lx* expensive, the proposed lines may be list'd for a dual pur]M>se, as, 
for instance, interconnection Wlwccn load centers to secure the advantages 
of diversity, or as one log of a lie line to strengthen the connection Wtween 
different purts of the system. 

This question of transmission liability for any particular hydro project re¬ 
quires eareful coordinated study by the electrical and hydraulic engineers 
and by the engineers charged with system planning. This study is of prime 
importance because frequently it determines the advisability of a given hydro 
project. If the hydro project is cheap enough so that it can War the total 
cost of independent transmission facilities to the center of gravity of the load, 
the question is quite simple. However, for the reasons mentioned above, the 
actual transmission liability may W much less than the total amiuul cost of 
such transmission, and its determination in doubtful ruses may require u great 
deal of study. 

Under modern conditions the number of hydroelectric projects which are 
cheap enough to stand the 1 cost of, say, 300 mi of transmission are not numer¬ 
ous if the only function of such transmission is to deliver the hydro output 
to market. On the other hand, if the transmission so provided forms a part 
of a network tying the load centers and plants of a great regional system 
together, the transmission liability against the hydro may be smAll and many 
such plants may be justified. For large hydro plants requiring 60 to 150 mi 
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of additional transmission for their sole use, the transmission liability may 
vary from $2.50 to $7.00 per kw per year of installed capacity. 

7. Useful Life of Hydro Developments. A machine, a piece of equip¬ 
ment, or a structure has completed its useful life when annual maintenance 
and repairs become so high that, when considered in relation to the economies 
obtainable in a new up-to-date machine or structure, replacement is justified. 
Thus, wear and tear (m excess of ordinary maintenance), inadequacy, and 
obsolescence all play a part in determining the useful life of a machine or 
structure. 

At> an example of long life of an item of equipment, one of the authors cites 
a turbine which he recently had replaced. Inst,'died in 1S74 and in operation 
from then until 1937—03 years—the turbine was at first bolted to a line shaft 
and later to a generator. 

Since the first edition of this book was published additional evidence has 
accumulated as to the useful life of the various elements that go to make up a 
hydroelectric development. Most of this evidence indicates u longer useful 
life than had previously licen assumed for many of the items. Some serious 
effort has been devoted to an attempt to remove the subject as much as pos¬ 
sible from the realm of speculation. Investigations have licen made into the 
hfp history of the \ a nous element*- composing a numlier of developments. 
One of these investigations included Ihe study of the Me history of over 1000 
llems (structures and equipment) scattered over a wide area. The results of 
some of these investigations have been considered in the preparation of 
Table 4. 

The useful life of the various items of a hydroelectric development recom¬ 
mended for application in computations to determine proper annual posts of 
depreciation (including obsolescence) were arrived at after due consideration 
to \ * the work of the public-service commissions; (ft) investigations to de¬ 
termine useful life of actual units; (r) the recommendations of various author¬ 
ities; (f/1 the personal observations of the authors 

The useful life of any unit of equipment (or structure) must necessarily 
remain an estimate until that useful life is fully completed. All that the 
authors can sav for Table 4 is that they believe thn recommended figures on 
useful life to he conservative 

8. Annual Depreciation for Hydro Plants. (See also Sections 4 and 5, 
Chapter 10.) In computing the annual cost of any hydro project or devel¬ 
opment, a determination of the annual cost of depreciation, in which obsoles¬ 
cence is included (as herein used), must lie made. The sinking-fund method 
is recommended for engineering studies. It is assumed that each year a sum 
will be paid into a reserve such that nt the end of the useful life of an item 
the reserve will be of sufficient size to replace it or its equivalent in usefulness. 

Consequently, starting with the estimated useful life of an item, one would 
then determine the sum which it would be necessary to pay into the reserve 
each year in order to have that reserve equal the original cost at the end of 
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TABLE 4 

Useful Life of Elements of Hydroelectric Development 

Estimated 
Useful 
Life, Yean 

Dams 

Earth dams x 

Mat* concrete and masonry dams x 

Roinforced-concrete dams: arched dams, multiple- 
arcli dams, flat shil> buttressed dams 

(а) Iti mild climates x 

(б) In severe climates 20-30 

Timber dams 40 

Steel dams 30 

Intakes 

Intake structures of concrete or masonry x 

Timlx»r I looms, untreated 15 

Timlier 1 looms, impregnated above waler line 25 

Racks 20 

Rack structures 40 

Steel gates 35 

Timber gate* 15 

Valves 25 

(late hoists, cxjioHcd 15 

protected 30 

Conduits 

Wooden flumes, untreated 15 

impregnated 30 

Steel flumes 25 

Hcmforced-ronrrcle flumes 

(а) Mild climates 50 

(б) Seven* cliinateb 20 30 

Tunnels x 

Steel pipe, open 30 

buried 20 

Wood-stave pijie, untreated 20 

impregnated 40 

Concrete pipe 50 

Powerhouse 

Concrete substructure of jKiwerhouHC x 

Brick Binl structural stwl superstructure of power¬ 
house 50 

Rcinforced-concretr supers true I un 1 of powerhouse 1 50 

Miscellaneous structural stool cxjMiseri to a either 35 
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TABLE 4 —Contintud 

Useful Lite of Elements of Hyuhoelect&ic Development 

Estimated 
Useful 
life, Years 


Powerhouse Mechanical Equipment 
Hydraulic 1 turbines 30 

Other mechanical powerhouse equipment including 
piping 30 

Powerhouse Electrical Equipment 
Generators 26 

Transformers 30 

Circuit breakers 15 

lightning arresters 10 

Other miscellaneous electrical equipment including 

wiring 20 

Outdoor Substations 

Structures 40 

Equipment 25 

Transmission Lines 

With wood poles 20 

With steel towers 50 

Frame Dwellings 35 


It* ’1 s listed us x are IxOieved to have an indefinite useful life if properly repaired 
and ' lomtamed. 

that useful hie. For instance, a^ume that a gonoiator cost $50,000. From 
Tabic 4, the Obtmiatcd useful life to use for this purpose is found to he 25 
years. Referring now to Fig 1 , Chapter 12 , or to Table 1 , Chapter 16, it is 
found that, for each dollar of capital cost, it ih necessary to pay into the 
reserve $0.0209 in older to have the reserve, at 5% comiiound interest, amount 
to $1 at the end of 25 3 ears Thus the annual cost of depreciation for this 
generator would be $50,000 X 0 0209 -= $1,045 00. (For accrued depreciation 
see Section 5, Chapter 16.) 

The annual depreciation on hydro developments is relatively low. It is 
very much less than that on steam plants (from one tenth to four tenths as 
much). There are several reasons for the fact that annual depreciation on 
hydro is relatively small. 

]. Items that have an indefinite useful life, such as land and riparian rights, 
earth dams, mass concrete dams, jmwerhouse substructure, tail rare, etc., usu¬ 
ally comprise a very large part of the total investment. 
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2 . The factor of obsolescence is small because the over-all efficiency already 
attained does not leave room for radical improvement. It is frequently found 
uneconomical even to rehabilitate plants of very early vintage. 

3. The moving parts are few, and those that require the larger investment 
move at very low speed which, in itself, means long life. 

For illustration, consider a certain hydro development which cost $200 per 
kw of capacity. Of this cost, $160 was for items having an indefinite life— 
lands and riparian rights, dams, and powerhouse substructure; $40 was for 
depreciable items—powerhouse superstructure, mechanical and electrical 
equiinnent, gates, etc. Assume that a study has indicated that the mean 
useful life of the depreciable items (from Tabic 4) is 30 yeurs. From Table 1, 
Chapter 16, the amiual deposit to accumulate $1 at 5% compound interest in 
a period of 30 years, is $0.0150. For the $40 worth of depreciable items, this 
would amount to $0.60 per year. As the remainder of the investment is in 
items having indefinite life, the annual depreciation per kilowatt of rapacity 
would bo $0.60 per year. The annual depreciation on the investment would 
in this example be 0.60 -5- 200 = 0.3%. 

The above example probably approaches the minimum depreciation rate 
that any hydroelectric development would have. If there were long steel 
penstocks and a long flow line conduit of wood-stave pipe, for instance, the 
depreciation would lie much greater. 

Probably the maximum rate of depreciation would occur for a project 
where no dam was involved and all the investment was in the powerhouse 
and equipment (as would be the case where a power company built a plant 
at a government dam). If this were the situation in the above example, the 
annual rate of depreciation would lie 0.60-=-40.00 - 1.5%. Consequently 
the range in the rate of annual depreciation for hydro projects may be said 
to be between 0.3 % and 1.5% of total capital cost. 

0. Taxes and Insurance on Hydro Plants. The rate for taxes is gen¬ 
erally lower for hydro plants than for steam plants because 1 the rate of taxa¬ 
tion is lower in the rural or backwoods sections where most hydroelectric 
plants are located than in the urban or industrial sections where most of the 
steam plants are located. Insurance also comprises a considerably smaller 
jiercentage of total investment with hydro than with steam, because the 
total investment in insurable items bears a smaller relation to the total cost. 

In all comparisons of steam and hydro plants, it is well to eliminate for 
both all the items of total annual cost extraneous to the power plant itself, 
which cannot affect any decision that might be made. Thus, scarcely anyone 
would think it necessary or desirable to allocate to the annual eost of such 
steam and hydro plants any portion of the company’s general and miscel¬ 
laneous expense. Some engineers do, however, allocate to the plants a por¬ 
tion of income taxes and of gross receipts taxes, if paid. Although, if the 
allocation is fairly made, it does not vitiate the comparison, it is usually en¬ 
tirely unnecessary and merely introduces an additional complication into the 
computation and should therefore be avoided wherever possible. 
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An income tax is a*tax on profits. Even though the construction of one 
plant of several alternatives may increase the profits and therefore the income 
tax of the company, this increase in income tax merely means that the com¬ 
pany has to give up a part of the increased profit made. This fact would not 
keep one from developing the project from which the greater profit could be 
made. Consequently, the authors believe that it is better in comparative 
setups of this nature to eliminate any allocation of income taxes to generating 
plants. 

It is practically never necessary to consider franchise and capital stock 
taxes. Some states collect a g-oss receipts tax from power companies. This 
is a Lux on revenue. Revenue will not tic affected whichever alternative plant 
is chosen for development. Consequently in studies of the sort discussed hero 
it is usually unnecessary to eon^ider such taxes. 

Special cases may come up for which such taxes will have to be consid¬ 
ered; for instance, one of the alternative plants might bo located in a state 
which collects a gross receipts tax on Ihe output of the plant, whereas at 
the other alternative projert, located in another Mate, no su^h tax might be 
required. Also, there might be a license tax of so much per horsepower of 
installed capacity for developing water power but no corresponding tux for 
a steam plant. 

In this book it is assumed, in the illustrative examples utilized, that it is 
necessary to consider merelv lliose taxes directly applicable to the generating 
planth, w r hich usually mean*, merely property taxes. On this basis, taxes and 
insurance on hydroelectric plants will generally vary from about 0.5% to 
1.5% of total capital cost. In the illustrative examples in this book, 1.0%, 
which i* liclievod to 1 m? fairly tspieal, has l>een used for these items. 

10 . Cost of Money for Hydro Plants. (See also Section 5, Chapter 12.) 
In * le financing of the capital cost of hydro plants, the annual cost of the 
nioii»»v raised vanes with the credit of the company and the condition of the 
money market. In the pa^t, some hydroelectric projects have been under¬ 
taken by independent companies organized for the purpose, with the intention 
of wholesaling the powder to various industries and public utilities Sometimes 
such companies have had to pay a very high price for money. Ordinarily, 
ho\ve\ er, the construction of hydroelectric projects is undertaken only by 
w'cll-eHtiihlished public utilities, or else the enterprise is underwritten by a 
utility compauy having a sound credit rating. Consequently, the cost of 
money required for a hydro project is usually the same as that which the 
utility company has to pay for money to be used for other rapital expendi¬ 
tures. Hence the cost of money for a hydroelectric project should usually 
be just the same as for a steam plant. 

However, for any given ease, the actual cost of money that will have 
to he paid should be determined as nearly as possible, and this rate should 
lie utilized m the setup. Tins is frequently of material importance, because 
the amount of money required for a hydroelectric plant is usually much 
greater than that required for a steam plant of the same capacity. If the 
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rate chosen for the comparative setups is lower than the actual, it will tend 
to make the hydro look more favorable than it actually is, and vice vena. 

As financing is usually handled, the cost of money includes the bond dis¬ 
count and ex])ensc, with the interest on bonds (covering about 50% of the 
cost), dividends on preferred stock (covering 20 to 30% of the cost), and 
the return on equity money the remainder. 

For both steam and hydro plants, the actual total cost of money will in 
general vary from 5.5% to 8.5% per year of the total cost of the project. 
In illustrative cases discussed in this book, the cost of money has been taken 
at 7% per year of total capital cost, which is believed to be fairly typical 
under normal conditions for companies with sound credit (see also Flection 
7, Chapter 16). 

11. Annual Fixed Charges on Hydro Plants. On the basis of the 
foregomg discussion, the total annual fixed charges on hydroelectric planls 
may be taken as m Table 5. 

TABLE 5 


Total Annual Fixed Chakues on Hydroelectric Plants 



Usual 

Usual 

Typical Annual 


Minimum 

Maximum 

Rate a* Used in 


Annual 

Annual 

Illustrative 


Rale, 

Rate, 

Cases in this 


% 

"r 

Book, % 

Total cost of money 

5.5 

8.5 

7.0 

Taxes and insurance 

0.5 

1.5 

1 n 

Depreciation and otaolcsrcnrc 

0.7 

1.5 

1.0 

Total annual fixed charge* 




(Percentage of total 
capital cost) 

6.7 

1J.5 

9.0 


12. Annual Operation and Maintenance Cost at Hydro Plants. An¬ 
nual operation and maintenance costs at hydro plants are more or less pro¬ 
portional to the capacity of the plant and the munlier of units. Such costs will 
vary also with the wage scale and the practices of different companies. Aclual 
costs vary widely and are sometimes quite high jjer kilowatt of capacity for 
small plants Thus, Ihcre are some plants of 5000- to 10,000-kw capacity 
where annual operation and mumtcnaucc run from $4 to $6 per kw of installed 
capacity. There are other plants of the some size where the annual cost is 
less than $2 per kw. 

When due consideration is given to the fact that small plants may be made 
automatic or may be remotely controlled, it is believed that, ip general, for 
new plants, there is no need for having an annual cost for operation aud 
maintenance (at the plant) in excess of $2 per kw even for plants as small as 
5000-kw capacity. 

For very large plants of 100,000- to 200,000-kw capacity, the annual cost 
of operation and maintenance may be as low as $.80 per kw of capacity. 
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This figure applies to* new, modem plants with large-capacity units. Some 
of the largest hydro plants have been developed over a period of years and 
consequently contain units of varying size and age. Operation and main¬ 
tenance in such plants are necessarily often very much higher than the figures 
given herein. 

Although there is a considerable legitimate variation according to the loca¬ 
tion and type of plant, Table 6, based on an examination of records at n 
large number of plants, gives annual operation and maintenance costs, for 
hydro plants ol various raps cities, tha may 1* taken as roughly typical for 
a large number of new plants in many sections of the country. 

TABLE 6 

Annual Operation and Maintenance Cohi or Hydro Plants 

Typical Probable Probable Cost of 
Annual Cost of Oper- Operation and 
Capacity of Plant, ation and Maintenance Maintenance per 
kw at the Plant Kilowatt per Year 

10.000 $ 18,000 $1.80 
20.000 30 000 1.50 

40,000 48,000 1.20 

75,000 75,000 1.00 

125.000 110,000 0.88 

200.000 160,000 0.80 

Such a list as that in Tabic 6 is useful only in making preliminary setups. 
A & soon as the type of plant, number of units, and general arrangement of a 
pl.i’il arc decided upon, a built-up estimate of thi* item of uimual cost should 
be prepared. Figure 5 gives a curve based on the same data as the above 
list showing typical operation and maintenance costs at hydro plants of vari¬ 
ous capacities. 

13. Total Annual Cost of Hydro Developments. The total annual 
cost of n hydroelectric development, unlike that of a steam plant, does not 
vary with the amount of energy turned out but remains practically the same 
from year to year. The total annual cost of r hydro development is the sum 
of the annual fixed charges (Section 11), the annual cost of operation and 
maintenance (Section 12), and the annual cost of the transmission liability 
(Section 6), if any. 

Support* that a certain hydro project is to have an installation of 100,000 
kw * and is situated 30 mi from a load center. Under the existing conditions 
the only function which the transmission line will serve is to brmg the power 
to market, and us it is feasible to inslall additional steam capacity right at 
the loud center all the cost of transmission must be charged against the 
hydro project. Say that the cost of a double circuit line is $25,000 per mi, 

♦For convenience this is assumed to be the effective capacity of the plant at 
market after deducting losses. 
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making the cost of the transmission line $750,000, to which must be added 
$2,000,000 for root of step-up and step-down substations, making $2,750,000. 
At an annual rate of 12% this will make the annual cost of transmission or 
“transmission liability 1 ' $330,000 ]>cr joar or $3.30 per kw of capacity per 
year. 



lrrtallcd Capon* / in 1'imjuindi of K«v 


Fig 5 Operation plus maintenance costs al laical modem hvdio plants (based 
on a study of licoids of inei 30 plants) (Fumi pni>cr on “Economic Balance 
between 81 (Min and Hydro Cupacitv” by K M. Iiwm and J<x I I) JuMin, Tunis 
A 8 M R , Vol 55, No 3, p 63.) 

The total annual cost of the hydro project per kilowatt of rapacity with 
power deli\eicd at market may then bo computed as follows: 

Ph * Kilowatt 


Annual fixed charges on hydro project (Section 11) 9.0 p f 
$145.00 $13.05 

Annual o|XTation and maintenance (Section 12) 0.03 

Transmission liability (Section 0) 3.30 

Total annual cost of hydro project per kilowatt 
delivered at maikct $17.28 
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Whether the project would prove eronomiralh adv isable will depend on the 
extent to which it can lie utilized on the load curve, the amount of energy 
which it ran produce, and the alternative rost oi supplying the needs of the 
b\stem by other meins These subjects are discussed in Chapters 14 and 15 
14. Total Cost of Power at Bridgeport Hydro Project. In order to 
provide a concrete lllustrition, use will again be made of the Bridgeport 
hvdio pioject Topographical sun evs, subsurface investigations, and pre- 
liimnirj studies for this proiect have been completed The site has been 
deiiniteh deteimined snd estimites node for the development of the site 
fur \ innus mst ill itions (bee Section 4) 

For the siki of simplicity it will be issumed that energy and power indi¬ 
cated in Fig 4 ire on a deliveied bisis A thorough study of transmission 
lnbilit\ has been mule, dial it his been determined thit the transmission 
lnbilitv of the proiect will amount to approximately S3 per kw per year 
Dcli\eiV| howrvei, would not be at the sime point for the 'various sizes of 
instill ition Thus if +hr instilhtinn is 20 000 kw delivery would be to one 
point and if 160000 kw, to mother point 
Tiblc 7 shows the iutnnti of i (imputing the total cost of power for a 
hidroclectru pioicit delivered it i market whfre its cost ran lie compared 
with iltemative hnuias of power fioni dit i dreidv Riven herein 
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The figures appearing in Col. 3 are the average annual energy production 
delivered at market for the given installation. The assumption iu made here 
that the load curve is of sufficient magnitude to absorb all the energy that the 
plant is capable of generating. 

Tn Fig. G Bridgeport hydro project, the “total cost of delivered energy for 
various installations' 1 is plotted from tin* data of Table 7. It will be noted 
in Fig. 5 that, starting with an installation of 10,000 kw (annual capacity 

Avwnca annual capacity factor 


g 88S8KS 8 8 £. 8 9 9 . 



Fig. 0. Tuliil cost of delivered energy from Bridgeport hydro project for various 

inst filiations. 

factor 100%), the total eost per kilowatt-hour decrease's rapidly owing to 
the fact that a larger and larger percentage of the total annual stream flow 
is utilized by the additional installation (at relatively small incremental cost). 
Eventually, however, a point is reached where the additional energy obtained 
by each increment of installation decreases so rapidly tliat the total cost of 
energy starts to increase. 

In any investigation to determine the feasibility of a hydro project it is 
desirable to plot curves like those of Figs. I 1 to 5 inclusive. The determina¬ 
tion of whether the project is economically feasible will be discussed in 
Chapter 15. 

15. Bibliography. Below ih a bst of hooks and articles dealing in whole 
or in part with the post of hydro power. In addition to the items listed here, 
see references under Bibliography of Chapter 12, “Cost of Steam Power/’ 
dealing with depreciation, obsolescence, and life of equipment. 

1. H. K. Babbows, W r «/<r Puwu Enytiit < nny, Metimw-Hill Book Co., New 
York, 1227. 






343 


BIBLIOGRAPHY 

2. Joel D Justin and Wuaiam G. Mfkvine, Povur Supply Economics, John 
Wiley & Hons, New York, 1934 v . _ _ _ 

3 _ h. K. Barrows, “Hydro-Generated Energy (Cost of), Trans. AA.CJS*, 

Voi 104, p 1068, 1939 

4 "Cost of Energy Genei.it ion,” dwuwion by Daniel W. Mead, p. 1154; by 
William E Rudolph, p 1164; by Theodore B Parker, p. 1183, m Trans 

AHCE, Vol 104,1939 „ „ __ 

5 a C Cloghfr, “Hvdio-Eler trie Priirtiec in the United Staten, Trans 
A*M E. t Vol 59, No 2. p 65, 1937. 

6 DamilW Mead, "The Economies of Hydvo-Eleetnc De\elopnient, Trans. 
CJS, Vol 86 , p. 158, 1925 



CHAPTER 14 


MARKET REQUIREMENTS AND LOAD STUDIES 

1. General. In order to determine whether an additional power plant is 
required, it is first necessary to know what the market requirements are and 
what they are likely to be during the next few years. This will require a 
knowledge of the following: 

1. Magnitude of present load ond its load factor. 

2. Size, shape, and charactensliVs of the load curve for several years 
previous. 

3. Existence of unconnected load, i.c., private plants in fad ones, office 
buildings, etc, and a knowledge of the economics of such private plants. 

4. Probable growth of load over the next few years. 

5. The present power supply system. Location, size, interconnection, and 
characteristics of existing power plants This may affect market requirements 
as far as market for power from a proposed new plant is concerned. 

2. Load Factor.* The load factor of any system is the ratio obtained 
by dividing the number of kilowatt-hours over a given length of time bv the 
product of the peak load and the number of hours in this period. Thus we 
have daily load factors, weekly load factors, load factors for a given month, 
and yearly load factors. For instance, during a certain week a system turns 
out 8,400,000 kw-hr, and the peak load during the week is 100,000 kw. There¬ 
fore, the load factor for that week is 

8,400,000 

100,000 X lfiS /0 

It is necessary to avoid confusing load factor (the ratio of average load 
to peak load) with capacity factor (the ratio of average loarl to installed 
capacity). For a discussion of capacity factor and its significance, see Sec¬ 
tion 8, Chapter 12. 

The load factors of individual systems vary greatly aecording to the char¬ 
acter of the load. A power system whose sales are almost entirely to a group 
of electrochemical plants may have an annual load factor m excess of 80%. 
In fact one of the largest pnwer systems serving a highly industrialized sec¬ 
tion of the country which contains many electrochemical plants has an annual 
load factor in excess of 70%. Such high load factors are unusual, however. 

* Whore applicable, free lice 1ms been made of Jigurch from l J um t Supply Eco¬ 
nomics by Joel D. Jubtin and William G. Men me, John Wiley A Sons, New 
York. 
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In general a system serving a well-developed industrial territory will have an 
annual load factor of 40 to 60%, and a city without much manufacturing 
may have an annual load factor of 30 to 35%. 

During the 1920’s, when small systems were combining and when intercon¬ 
nections between systems were increasing, there was a rapid increase in an¬ 
nual system load factors. At present the increase has slowed down, but there 
is a slow long-term trend toward higher load factors, as additional and 
diverse uses for electric power are constantly developing. 

3. Load Curves. Load curves are plotted using kilowatts as ordinates and 
time ns abscissas. Many load curves are plotted on an hourly basis, the ordi- 



Hours 

Fia. 1. DectMiibei iieak-day-load curve of a power system in which domestic and 
lighting in* of electricity is predominating. 

nates being simply the kiluwntt-hours during each hour of the day. When 
using such load curves it is necessary to know the peak reached during the 
hours when the load is high, os this mav in some cases be 15 to 25% greater 
than that indicated by the plotted eur\e. 

It is becoming more and more common for jiowcr companies to plot their 
load curves using a 15- or 30-nnnute integrated peak. When the 15-minute 
integrated peak is used m plotting load curves, it is safe to apply the curves 
without alteration in making capacity studies, as the system will he able to 
carry the instantaneous peuk over the 15-minute integrated peak represented 
on the diagram. Thi^ i« bemuse one can alwuys get a little power beyond 
rated cupncity out of the prime movers for a short time, although the effi¬ 
ciency on the increment of i>owor j> low. 

Load curves are usually on a net generated Imsis and not on a sales basis. 
This is because the most convenient way to gel the data is to obtain the 
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Fig. 2. 



December penk-day-load curve of a power system supplying chiefly in¬ 
dust i ml usem. 



Hours 

Fig. 3. Typical December peak-dav-load curve of a metropolitan system load 





MONTHLY PEAKS AND ANNUAL PEAK LOAD *47 

records for the various, powei plant* and then to total them up period by 
peiiod However, if there are one or more hydro plants in the system which 
are remote from the load centers, the meter raiding* utilized are usually 
for a substation at or neir the load center This piactice puts the output 
of the hydro phnt on appioximitely the same basia as that of the steam 
plants which art usually located at or near the load centers 
For many systems the peak load ot the year comes in November or Decern- 
ber on some dark day during the early evening houis when the manufacturing 
load, the peaks for the commercial load, the electric railway load, and the 
lighting load rdl happen to coir ride In borne systems, however, the annual 
peik load occurs in September or Octobei The loul cuive foi the peak day 
of the veil is usually the most critic il bingle-d iv-load curve in connection 
wiffi enginccnug studies for determining mean* of serving the loads, altho ugh 
there aie often other days, weeks, ind months which should be mvebtigited, 
as they sometimes prove even more critical, especially in the case of hydro 
Figures ], 2, and 3 show load curves for December pcik-lood days for ayrh- 
tcins serving loulb of different chancteristics 

4. Relation of Monthly Peaks to Annual Peak Load. The summei 
]M\ik loid of most systems is mateiially lower than the peak loads for the 
till and winter months figure 4 fallows a typical August peak-day-load 
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curve of a metropolitan system. It is for the same system and the same year 
as the load curve shown in Fig. 3. Comparison of these two figures shows 
that the August peak load of this system is approximately 20% less than 
the December peak load. Table 1 gives the monthly peak loads of a system 
serving a typical industrial and metropolitan area, in terms of percentage of 
the annual peak loud. 

TABLE I 

Monthly Peak Loads ah a Percentage of the Annual Peak Load for a Typical 
Metropolitan and Industrial Power System in the Northeastern States 


January 

Monthly Peak as Per¬ 
centage of Annua] Peak 
u 90.0 

February 

89.2 

March 

81.fi 

April 

80.0 

May 

78.1 

June 

81.0 

July 

84.6 

August 

83.8 

Heptemlior 

87.0 

October 

91.8 

NovemlxT 

97.8 

Dcceinlier 

100.0 


Although the relationship of monthly peak* to annual peak load is fairly 
conhtant, it changes somewhat in a fortuitous manner from year to year. 
There is also a definite slow long-term trend toward higher summer loads, 
due largely to the development of uir conditioning. 

It will he noted that during the periorl from April to August, inclusive, 
peak loads are in general from 15 to 20 % less than Ihc annual peak load, and 
this statement may be taken as a pi living generally to many systems. How¬ 
ever, in some southern cities, summer loads are showing a tendency to in¬ 
crease materially owing to air conditioning, and it seems quite probable that 
in some parts of the country this tendency may affect to a considerable 
extent tbc relation of the monthly peak loads to one another. 

The uHual present monthly relation of the peak loads permits the “take¬ 
down schedule” to run from April to August, inclusive. During this jieriod 
units are taken out of service, taken apart if necessary, checked, repaired, 
and adjusted. If such a low-load iieriod were not available a K^tem would 
need a greater amount of reserve. 

5. Different Classes of Load. The various claws of load which a power 
system must serve are: 

1 . Commercial power—manufacturing, etc. 

2 . Railways nnd railromli—city fraction and electrified railroads and inter- 
urban electric lines. 
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3. Commercial lighting—electric limiting of office buildings, stores, and fac¬ 
tories and usually the power for elc\ alorb, pumps, etc*., m such buildings. 

4. Street lighting. 

5. Domestic sen ice—lighting and all household electric appliances. 

6. Other utilities—usually tins is power sold on a “when, as, and if” basis 
to other power companies, but it frequently includes sales of firm power as well 



Fin 5. Loud curve for peak December day, 1946, showing also component load 
curves for the various classes of service. 

In Fig. 5 in shown a typical load curve for the peak December day, to¬ 
gether with the load cunTb for the various classes of service listed above, 
which, added together, produce the load curve of the system as shown. 

6. Weekly Load Curves. If one examines the weekly load curves for 
any given system lor the past few years, he will be impressed by the mini- 
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larity of the shape of the weekly load curve for any given period in the year. 
Thus, if one were to take a typical weekly load curve for Oc1nlx i r of a recent 
year and multiply the ordinates by the growth ratio between the two periods, 
he would closely approximate the actual weekly load curve for October of 
the later year. This similarity in the shape of the weekly load curve for any 
given period of the year makes this curve particularly valuable in helping to 
determine how a proposed hydro plunt may l>e fitted to the load curve. 

7. Application of Weekly Load Curve to Hydro Studies. Weekly 
load curves are particularly useful in connection with capacity studies in¬ 
volving proposed or existing hydroelectric plants which have adequate pond¬ 
age. Figure 6 shows such a weekly load curve for I ho week of maximum 
demand in December. The use of Mich a weekly load in connect inn with 
studies to determine the value of a propos'd hydroelectric plant will now 
be explained. 

In the system under consideration there is already in existence one hydro 
plant which has u capacity of 38,500 kw. This plant also has ample pondage 
for weekly regulation. In a week of minimum stream flow this plant ran 
produce 450,000 kw-hr from the available flow in tbe river. 

Measuring down from the 175,000-kw ]ieak on the load curve, a distance 
is laid off equal to 38,500 kw (the capacity of the plant) A horizontal line 
is then drawn through this point, and it is found that, in the portion of the 
load curve thus intercepted, there will lie 438,000 kw-hr during the week. 
Thus it is demonstrated that the entire capacity of the existing hydro plant 
can lie used during this week to carry its |K)rtion of Ike load. 

In other words the entire eapacit} of a hydro plant is “firm capacity” (sec 
section 3, Chapter 15) and can Ik* relied on even if, in the year of minimum 
flow, this minimum flow occurs at the tune of peak load. 

Let us sav that the power company is considering the advisability of 
installing an additional hydro plant on another ri\er. The head and other 
characteristics of the proposed plant are known, but the amount of the 
advisable installation has not been determined. The proposed plant will 
have pondage for weekly regulation and could produce from available stream 
flow 508.000 kw-hr in a week of minimum flow. 

By triid-nnd-error method', or preferably bv means of a peak percentage 
curve (see Section 10 of this chapter), another horizontal line b drawn across 
the load curve in such a portion that the portion of the load curve inter¬ 
cepted lietween it and tlie horizontal line previously mentioned which forms 
the lower boundary for Ihe existing hydro plant contains the 008,000 kw-hr 
which the plant lias available under the worst conceivable cniiditims of stream 
flow. By measuring the vertical distance lx»tween the two lines it is found 
that it corresponds to 13,000 kw as shown in Fig. 0. In other word*, if 13,000 
kw were installed in the proposed plant all of it would be useful or “firm 
capacity” under the mo«1 severe conditions conceivable. 

If the load curve used were that predicted for the year in which the plant 
was to lie completed, it is probable that something more than 13,000 kw 
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would be installed orelse provision would be made in the construction of the 
plant to facilitate the installation of additional capacity. This is because, 
with growths of the load curve, the number of kik)watts intercepted between 
the horizontal lines would increase. Inasmuch as the value of firm capacity 
may be from $12 to $16 j»er kw per year and the incremental value of energy 
alone may be from 3 to 4 mills, the necessity for studies such as the above 
is quite evident. 



Fit;. 6. Load curve, week of mnxiinum demand in December 1937; Regional 
Power Company. Peak 175.000 kw. Energy for week 17,000 kw-hr. Load factor 

for week 57.8%. 


In any actual case it would also be necessary to examine other weekly load 
curves because it may be that some other week, when the peaks are somewhat 
lower but l ong er, may be more critical. Also the authors have found one 
case where the minimum stream flow in September was so much less than 
it was in the peak-load month that a week in September became the critical 
period. 

In Fig. 7 is shown the peak-wcek-load curve for one of the largest power 
systems in America. The system serves industrial cities, some of which 
have extensive electrochemical industries as well as contiguous small towns 
and agricultural districts. 
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Thr high base load results in an unusuallv high load faetnr of nearly 80%, 
but the general shape of the curve is not so very different from that in Fig 6 
A more topical peah-wcek-load curve is shown in Fig 8 The system whose 



Fif. 7 Pcak-wc c k-load cin vp of power sWrm having high bisc load Load 

fat tor 78 0% 

load is litre n pi evented serves the ntics of Bthiinon, Washington, mcl mu 
rounding territory i" well is «i poihon oi southeastern Pennsjlvim i, ind is 
thus a composite of nnn> diffeient kinds ot In id 



Fig 8 Hourly loads foi peak wrek in December 1939 Combined Baltimoie- 
W ashing!on-Pi mmh uua sjsHm Loid factoi 661% 


B. Effect of Interconnection. Sometimes a proposed large hvdro plant 
would serve not one sv stein but scveril, thus obt lining effective interconnec¬ 
tion between the sv stems served If there is divorsitj in load l»et\icen the 






EFFECT OF INTERCONNECTION 



Fit 9 Cutves showing loads of thm systems on peak day m peak month 



£ig 10 Combined load curve for three svbtemb shown in Fig 9 showing dnemtv 

in load 
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systems, the combined peak load vull be le>s than the arithmetic sum of the 
be\cral peak loads. Thus in Fig. 9 is shown the load curve for three systems 
on the jieak-load day of the peak-load month. These s>steins were then 
interconnected and this rombmed load curve for the same day is shown in 
Fig. 10 It will lie noled that with interconnection the combined |>eak ih 
50,000 kw r let* than the arithmetic sum of the peaks of the three systems 
This, of course, is due to the fact that the peak of one company comes at a 
different time from that of the oilier two. 

9. Load Duration Curves. If one arranges in order of magnitude the 
hourly loads carried by a system during any given w’eek and then plots them 



Fia 11 Load duration rum 1 for peak-load wick in December of large power 
rompanv Load iuclor for the week 591% 

on a dugi.un wilh load'- a- animate- and liouis a* abscissa**, he will ha\e a 
load-duration nine foi that wick Vm denied ]X»nod of time, such w* n 
week, month, or year, m.iv I* 1 ulihzcd. The typical week and the peak-load 
w T eek for critical months are the ino-t significant periods 1o use. For con- 
vemcnce in application to various years of the future, the lead is usually 
plotted as a iiercentage oi the ]ieak load. Figure 11 gives a 1 md-duration 
curve of a certain power company tor the penk-load week in December. 

This figure shows that the base load during the entire week was approxi¬ 
mately 24% of the peak load during th" week, Hint for 70 hr (for instance) 
out of the 168 it was equal to or greater than 71% of the peak load, and 
that tor 20 hr out of the 16S it w\i- equal to or gicalcT than 82% of the 
peak load lor the week. The area under the cmve represents the total 
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energy for the week. * Among: other mes the load-duration curve maycbn- 
veniently be used for allocating capacity. Hydro plants with pondage, or 
the older and less efficient steam plants, generally take care pi the upper 
part of the curve, which has a low load factor, if, during the week in ques¬ 
tion, flow’ available at the hydro plant increases, its position on the curve 
would be lowered and the less efficient steam plant would take its place at.the 
top of the curve. 

10. Peak Percentage Curves. The peak percentage curve iB derived 
from the duration load curve as follows: A number of horizontal lines (ten 



Fig. 12. Peak percentage curve for peak-load week in December of large power 
company. Load factor for I he week 59.1%. Actual peak 492,000 kw. Total 
energy for the week 48,850.000 kw-hr. 

are usually enough) are drawn across the diagram of the load-duration curve. 
Then by planimetering or some other method the total area below the curve 
clown to each horizontal line is determined. From these data the peak per¬ 
centage curve is plotted, usually with percentage of peak load measured 
down from the top as ordinates and percentage of total kilowatt-hours as 
abscissas. Figure 12' is a peak percentage for the peak-load week in Decem¬ 
ber of a large power company and was derived from the load-duration curve 
of Fig. 11. The peak percentage curve of Fig. 12 indicates, for instance, that, 
in the top 25% of the load during that week, there is only about 3.8% of the 
total energy for that week. 

To demonstrate further the use of such curves in connection With hydro 
studies, an illustrative example will be given. 
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Assumption. The power system* represented by Figa. 9 and 10 has at 
present its entire generating rapacity in steam. Existing steam plants will 
soon be loaded up, and additional capacity must be provided. The advisa¬ 
bility of adding hydro capacity instead of steam to the system is lx>ing con¬ 
sidered, and an option on a site for a hydro plant has been secured. At the 
site it is feasible to develop 100 ft of head by means of a dam which will 
provide ample weekly pondage with slight drawdown. The river is a largo 
one, but the minimum flow in December is so low that during such a period 
only 21,000,000 kw-hr per week will be available, although during a large 
part of the year there is a high flow in the river. 

Question, What is Ihe maximum size of installation which ran lie set up 
and which will lie all firm capacity in a future year when the peak load has 
reached 700.000 kw and when the required total energy output of the system 
during the week of maximum Decemlier peak is 09,(XX),000 kw-hr? 

This required energy output is determined by the fact that the known 
load factor of the system during the peak December week is 58.0%. 

Solution. The hydro plant can be rrliod on to produce only 8,000,000 
kw-hr during tins critical period, which is (8,000,000-5-69.000,000) - 4.85% 
of the total energy in the load curve for the week. By referring to Fig. 12, 
it is found that 4.35% of the energy (abscissas) is contained in the upper 
26% of the load (ordinates). As the peak load is 700,000 kw, the greatest 
hydro capacity which could lie installed and which would he all firm capac¬ 
ity in the year when the peak load has reached 700,000 kw is (0.26 X 700,000) 
= 182,000 kw. 

From Fig. 11 and jiNo from the annual load-duration curve (not here re¬ 
produced), it is found that this is just about equal to the base load of the 
system. Consequently, at times of high water practically all the hydro 
energy which this hydro plant could generate could be absorbed in the sys¬ 
tem. In other words, the proposed hydro plant would have a high utilization 
factor. 

If the system considered had already had a nunilier of hydro plants in 
existence, the principle would be the same but more computation would l»r 
required. 

11. Reserve Capacity. Some years ago when n power system was of ion 
served by a single power plant, it was the usual practice to add one or iroro 
reserve units in a power plant. If a jiower plant required, say, four 20,000-kw 
units to serve the load (estimated for a few years after completion of the 
plant), it was customary to add a fifth unit and consider it the reserve unit. 
Today, when power systems are served by a multiplicity of power plants and 
arc usually interconnected with other systems as well, this practice no longer 
prevails. All that is necessary for a power company to have always avail¬ 
able is enough capacity to supply the anticipated peak load of the year 

♦This example is adopted from Power Supply Economic «, Section 1S*9, Joel 
D. Justin and Willium G. Mervino, John Wiley & Sons, New York. 
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ahead, with enough excess capacity m that it will be able to supply the load 
in ruse of any breakdown which it is reasonable to assume may occur. 

Most companies, on the basis of their own experience and that of others, 
have adopted reserve criteria to which they at tempt to adhore rather rigidly. 
Thus a suitable criterion for a large power company interconnected with 
other companies and with many power plants is that reserve capacity in 
excess of the next year's anticipated peak load shall be 10% of that year’s 
predicted peak load or 'hull be equal to the capacity of the company’s 
largest unit, whichever is greater, Other companies not so fortunately situ¬ 
ated may require a greater ratio of reserve capacity, sometimes as high os 
25%. 

In addition, it is usual for the reserve criterion to require that at any 
given tune the capacity which is hot and turning over shall lie in excess of the 
load at that time by a margin equal to the capacity of the largest unit in 
service, Sometimes where continuity of service is excessively important, as in 
New York, criteria are even more severe than Ihis. 

12. Hydro Units as Reserve Capacity. It is necessary to have reserve 
capacity and to have sonic of it on the line at all times so that, if an operat¬ 
ing unit fails, the load is immediately picked by unloaded or partially loaded 
units without any interruption in service. This factor is important when 
considering the advisability of adding a hydroelectric plant to the system. 

Because the cost of keeping reserve steam plants hot and their turbines 
turning over so that they can pick up load in cum* of necessity is a heavy 
item of expense, hydroelectric plants have an inherent advantage for this 
sort of service. A hydraulic turbine with water in the scroll case and wicket 
gates closed can go from a stationary position to full load in 1 to 3 minutes, 
whereas it nmy require hourH to fire up a cold steam plant and put it on the 
line. However, to function as the equivalent of “hot reserve,” the hydro unit 
should be turning over. 

A hydrauhe turbine which is turning over under no load will pick up load 
almost instantly, whereas it may take 30 minutes to warm up a cold steam 
turbine and put it on the line. 

As it co*ts practically nothing to keep hydraulic turbines ready to go on 
the line at an instant’s notice, the advantage of having some hydro capacity 
in any power supply system is quite apparent. 

Hydroelectric plants which have storage reservoirs are particularly adapted 
for this sort of service. Capacity equal to the required hot reserve which 
would otherwise lie necessary can often be added in such plants at an eco¬ 
nomical cost, provided the connection of the hydro plant to the system 
through transmission lines is thorough enough so that this capacity can be 
relied on in an emergency. In some cases the operating cost on old steam 
plants maintained as reserve is liigh enough to more than cover the total 
annual cost including fixed charges on a peak-load hydro plant, possibly of 
the puuqied storage variety, wrhich might profitably perform the same func¬ 
tion [4|. 
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18. Limitations on Hydro Capacity as Reserve. There are limita¬ 
tions to the ad visible extent to which hydro capacity should be relied on as 
reserve. Ordinarily one should be able to count on prime movers turning 
over and ready to serve, but not under load, as a part of the required re¬ 
serve at any given time. In the case of a hydro plant remote from the load 
and dependent on a transmission line or lines over a single right of way, the 
entire plant should usually be considered as a single unit. That is, when 
such a hydro plant is opernting fully loaded there should be available in the 
system hot reserve equal to the cnpacity of the plant. When only some of 
the units in the hydro plant are operating, none of the remaining ninth 
should >>e included in the “hot reserve” being relied on at that time. This 
is for the reason that a breakdown might take the form of a total interrup¬ 
tion in the transmission lines (as by lightning), putting the entire plant out 
of service for minutes or hours. This would not .apply if the phant were 
reached by more than one transmission line over different rights of way. 

14. Load Prediction. It is usually only growth of load which necessi¬ 
tates the construction of power plants. Sn long as the installed capacity 
of a system will adequately serve the load with a fair margin for reserve, 
there is seldom any economic reason for installing additional capacity. There 
are, of rourse, rather rare eases in which, without growth, the greater effi¬ 
ciency of a new plant justifies its construction simply to supersede several 
old inefficient plants. Tu such cases it is necessary that the total annual 
charges of the proposed new plant, including fixed charges, be less Ilian the 
mere operating cost of the plant or plants to be superseded. 

Overly optimistic load predictions have l>eon responsible for the construc¬ 
tion of many plants which history has proved to lx* uneconomical for a num¬ 
ber of years. Such mistakes put a finaneinl burden on both consumers and 
owners which should be avoided as far as practicable. 

At first thought it would seem a rather simple matter to predict load 
growth for a few years ahead. That it is not, howrver, the mistakes that 
have l*»en made clearly show. Mo^t of the load-growth estimates made in 
1928 seem very strange now. In the dernde of the 1920's, system peak loads 
were growing at the rate of 8 to 10 % q year compounded, and load pre¬ 
diction seemed extremely simple. Although load prediction ran never Ik* 
very exact, careful study and investigation may be expected remove many 
of the uncertainties. 

When peak Loads were growing constantly, load predictions were often 
made by simply extending the rurve on the basis of the rate of growth dur¬ 
ing the previous few years. Of course, load predictions cannot be exacted 
to foretell accurately the upprourh of depressions or booms. Figure ].t allows 
a load-predict ion curve for a large system. The dot-and-dash extension 
represents a prediction made in 1927. The agrwment with actual load was 
quite close up to 1929, but 5 years after that (1934) the actual load was 
nearly 200,000 kw let* than the predicted. In 1933 a new load-prediction 
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curve was computed ax drawn by the dotted line. Actually realized peak 
loads, as shown by the full black line, later proved this prediction to be 
even lesa accurate than the first one. It might be mentioned that the sys¬ 
tem in question is mnoug those whirh spare no pains in attempting to make 
predictions as exact or possible. The truth of the matter is that load pre¬ 
dictions revering a period in exress of 2 or 3 years are nothing but guesses, 
as the unpredictable factors that may influence load growth are too numerous. 



Even a 2- or 3-year period of load prediction is surrounded by many un¬ 
certainties. Nevertheless it is essential that prediction should be made as 
accurately ns possible because (especially for hydro plants) it may require 
thut length of time to build and place a new power plant in service. 

Just as is true of estimates of const ruction cost, a load-growth estimate 
which is broken down into component parts, with each part estimated as 
carefully as jrassiblc and then summed up, is likely to be more accurate than 
a load-prediction curve which is merely projected from past experience. The 
growth of each separate class of service should first lie estimated by districts 
and the individual estimates combined to obtain the total load prediction. 

In estimating the acquisition of new load, such as that of several factories 
not now connected, but with load which economic studies indicate can be 
acquired, it is necessary to realize that although a manufacturing plant has a 
motor installation of, say, 1000 kw, this installation will add much less than 
1000 kw to the peak load of the system. In the first place, there is usually 
diversity in the use of the motors within the plant itself, and there will also 
Ira some diversity between this factory load and other faetory loails. This 
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is a case in which the whole is practically always less than the sum of all its 
parts. 

In a power system serving miscellaneous loads, the actual peak load is 
usually from % to % of the total connected load. 

The engineer chained with the responsibility of determining the advisability 
of installing an additional power plant in a system should secure the thorough 
cooperation of all those departments of the s.VKtein in question which will 
help him to obtain the most accurate load prediction practicable, and should 
not accept without reservation the load-prediction estimates of the coinpaii 3 T 's 
system planning division* 
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CHAPTER IS 


CAPACITY OF THE DEVELOPMENT AND ECONOMIC 
ADVISABILITY OF HYDRO 

1- General. Chapter 12 has considered the cost of steam power, which is 
generally the yardstick by which hydro is measured. Chapter 13 has been 
devoted to the cost of hydro power, and in Chapter 14 market requirements 
and load studies have been discussed. With this background we will now 
consider the capacity of any proposed development and tho economic ad¬ 
visability of installing a hydro plant or plants. 

2. Economic Hydro Ratio of a Power System. The hydro ratio is 
sometimes quite helpful ns a rough indication of the prolmble advisability 
of additional hydro in situations where conditions are thoroughly under¬ 
stood. For any givpn power system sprved by both steam and hydro, there is 
an approximate economic balance lietween the proiier amounts of steam and 
hydro uihlaliatinn. The hydro ratio, or ratio of the total hydro installation 
in the system to annual peak load, is sometimes used to express the existing 
relationship. 

If the existing hydro ratio is in exact economic balance, then the total cost 
of power supply is at the minimum for the exiting conditions. 

The proper economic bn lance in any Riven situation between hydro and 
steam is largely dejiendrnt on the following factors: shape and magnitude of 
load eurve (see Section 3, Chapter 14), availability and suitability of ero- 
nomical hydro sites, length of transmission required for hydro projects com¬ 
pared to steam (“transmission liability”) (see Section 0, Chapter 13), ruuoff 
and its seasonal distribution for the stream considered, availability and cost 
of storage, cost of fuel, and avuilnbility of condensing water. The eeonomie 
hydro ratio usually varies from 25 to 70%, but it may vary from zero, 
where no favorable hydro sites an* available, to 100% in territories where 
there are hydro sites but where the co-t of fuel is prohibitive. 

Further inerenses in steam plant efficiencies and resulting decreases in 
the cost of steam-generated electric power will tend to deercase the eeonomie 
hvdro ratio. A general increase in construction rosts or interest rates will 
have the same effect. On the other hand, further simplification in the design 
of hydro plants and/or a decrease in construction costs, or a lowering of 
interest rates, or an increase in the cost of fuel will tend to increase the 
economic hvdro ratio. 

3. Firm Capacity of Hydro Plants. The firm rapacity of a hydro¬ 
electric plant can be defined as that portion of its total installed capacity 
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which can perform the some function on that ]>ortion of the load curve 
aligned to it as alternative steam capncily could perfonn. 

Thus, the 13,000 kw of hydro capacity indicated in Fig. 6, Chapter 14, 
will he firm capacity if there is available during that week of maximum 
demand at least the 008,000 kw-hr of hydro energy required for it to fully 
function on its portion of the load curve. 

Firm capacity is, therefore, dependent on the minimum stream flow at 
time of peak load, on the pondage available, on the installation provided, on 
the shape and size of the connected load curve, and on the interrelation of 
existing plants. Occasionally engineers speak of the minimum 24-hr power 
at a hydro plant as the firm power capacity of the plant. The two can be 
the same only where no pondage at all is available at the plant. With largo 
pondage and favorable lond conditions, firm capacity may be many times the 
minimum 24-hr power at the site. 

The importance of firm capacity in its effect on the earning power of hydro 
plants is indicated in mn-of-river plants without pondage. If such a plant, 
in addition to the liability of having no pondage, i«? subject also to the lia¬ 
bility of being drowned out and thus Incoming inoperative at the time of the 
system peak load, it then has no firm rapacity. There must be just as much 
steam capacity in the system as though the hydro plant were not in existence, 
and all the plant accomplishes is to have fuel. 

The Ann eaparity of a hydro plant may vary at different seasons of the 
year, but usually it is firm capacity at time of system peak which ii of 
significance, and, unless otherwise specified, it is to Ik* understood that the 
term “firm capacity” means the firm rapacity of the hydro planl at time of 
system peak load. The i>e:ik percentage' curve fare Soetion 10, Chapter 14) 
is a very useful tool for dealing with problems involving firm ea parity. 

The significance of firm capacity will lie more fully understood by reference 
to Section 7, Chapter 14. 

4. Capacity of the Development. Many factors enter into the deter¬ 
mination of the most economical capacity for a hydroelectric projrrt and into 
the determination of whether or not any development at all should be made. 
Most, of these factors are so interrelated that a change in one affects many 
others. For important developments many studies must be made, each in¬ 
volving different assumptions of development arrangement, before a final 
scheme can be adopted and the economic advisability of the project deter¬ 
mined. 

The following factors are among those' that should lie considered in deter¬ 
mining the capacity of a proposed hydroelectric project, its arrangement, 
and the advisability of its construct ion: 

1. Market rcqiiiirint nts (load cun eh), present and future' (Chapter 14), 

2. Available head (Chapter 9). 

3. Natural stream flow (('hapten 3, 4, and 5). 

4. Extent of possible regulation of stream flow (Chapter 10). 
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fi. ( mt of dam, land, and riparian right. (Chapter 13 and chaptem on 
darn*). 

6. Incremental cost per kilowalt of |»ower plant installation (Heelions 2 and 
3, Chapter 13, and Section 15, Chapter 15). 

7. Finn capacity on load curve (Section 3, Chapter 15). 

8. Capacity value applicable to the inMallation (Section 9, Chapter 15). 

9. Energy value of the output (Section 8, Chapter 15). 

10. Proposed installation (Chapter 15). 

11. Cross head (Chapter 9). 

12. Pond drawdown (Chapters 9 and 10). 

13. Conduit losses (Chapter 8). 

14. Tailrnce losses (Chapter 9). 

15. Productive net head (Chapter 9). 

16. Pondage (Chapter 10). 

17. Efficiency of equipment (Chapters 9, 38, and 41). 

18. Cost of storage (Chapter 10). 

19. Flow demand (Chapter 10). 

20. Extent and method of regulation (Chapter 10). 

21. Regulated stream flow (Chapter 10). 

22. Clo\ rrnnirnlnl restrictions on regulation (required mini mum release of 
flow) (Chapter 10). 

23. Usable stream flow (Chapter 10). 

24. Output (Chapters 9 and 10). 

25. Portion of possible energy output which cun l»e absorbed by load curve 
(Chapter 14). 

26. Types of units (Chapter 38). 

27. Ad\isable size of units (Chapter 38). 

28. Other power plants both steam and hydro, present and prospective 
(Sections 16 and 18, Chapter 16). 

29. Cost of operation, maintenance, repairs, laves, and depreciation (Sec¬ 
tions 8, 9, and 12, Chapter 13). 

30 Transmission liability (Seriinn 6. Chapler 13). 

31. Cost of money (Sections 10 nnd 13, Chapter 13>. 

Pome of these factors, such us the market requirements (Item 1) and the 
natural stream flow (Item 3), should be readily determinable. The IoacI 
curves for a series of years are practically always available, but estimates of 
future growth, oil which the economic success of the project may Ik* dependent, 
are sometimes too optimistic. (See Section 14, Chapter 14.) 

Stream-flow records of some sort are generally available; nevertheless, in¬ 
accurate stream-flow records or the misinterpretation of accurate records has 
often led to too optimistic a forecast of the average annual output of the 
project. (See Chapters 4 nnd 5.) 

Even such a relatively simple matter as the prediction of tnilrace losses 
(Item 14) has sometimes been underestimated to such an extent that aver¬ 
age annual energy production has been grossly overestimated. For the 
evaluation of all these factors and the determination of their relatioDshqw 
to one another, long experience in hydroelectric development is required. 
The mistake is occasionally made of intrusting the responsibility for devel¬ 
opment to those familiar only with the design of the structures involved and 
with the equipment required. The result is that many of the factors listed 
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above are certain to be neglected and tbe development will either be an eco¬ 
nomic failure or will produce n return lower than it would have if its con¬ 
ception, design, and construction had ljecn placed in the hands of engineers 
competent in this field. 

There is an old rule-of-thumb criterion to the effect that the installation 
in a hydroelectric project should not exceed that which could operate at full 
capacity for at least 30% of the time; i.e. f stream flow equal to plant water 
capacity 30% of the time. This rule Inis no application for peak-loud plants 
and probably it never was intended to have. However, it still serves fairly 
well as a rough preliminary guide to the probable amount of installation that 
will prove economically advisable for nm-of-river plants with i>ondage under 
favorable load conditions. 

It seldom pays to install a hydroelectric project unless nearly nil the 
proposed capacity will be firm capacity on the connected load curve (see 
Section 3). This is because installation that is not firm capacity generally 
has very little earning value. For instance, consider Fig. 6, Chapter 14, 
which gives the load curve for the week of maximum demand in Decemlier 
for a certain power system. This system, as shown, already had one hydro 
plant with 38,500-kw capacity, all of which capacity is firm, for, if the 
minimuni-streain-flow week coincides with this week of maximum demand, 
there will 1)0 at lea*4 438,000 kw-hr of hydro energy available to supply tbe 
lop 38,500 kw of the load. (The hydro plant is possessed of ample pondage.) 
Now then, it is proposed to install an additional hydro plant of 13,000-kw 
capacity with ample pondage, and the hydro energy available is not less 
than 608,000 kw-lir in a week of minimum stream flow. Consequently, as 
indicated by the load curve, this capacity would l>e firm ami would have 
the same value as alternative steam capacity. If the cost of construction 
is not too high, it will probably pay to make Ihe installation with provision 
for more installation as the loud curve grows. During times of ample .stream 
flow the hydro capacity would operate on the base of the load curve instead 
of the peak. 

This criterion of firm capacity and itp value, plus the value of energy 
produced, is a rough guide as to whether the project will prove feasible 
where other factors, «uch ns cost of construction, arc already known. 

Under some conditions, however, particularly where there is a favorable 
market for secondary power, it pays to inslall a great deal more capacity 
than would he Ann on the load curve. Some industries in which the cost 
of power is a material part of the total cost of the product, such hk aluminum 
plants and paper nulls, install excess capacity in the portions of their factories 
using the most power, as, for instance, ]Hit rooms in the aluminum industry 
and pulp mills in the pnjjcr industry. They then make contracts with the 
power company for both primary power, which is furnished all the time, 
and secondary power, which is furnished “if, as, and when available 1 ’ from 
water power. Naturally, the secondary ilower carries a much lower rate for 
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energy and no capacity charge per kilowatt or horsej)ower. Umially such 
secondary power is available from 4 to 8 innuthK in the average year. 

In some sections the market for such secondary power is an important 
consideration in determining the amount of installation for any given hydro* 
electric project and may justify a greater installation than would be firm 
eaparity for some years in the future. The revenue from secondary power 
may provide a handsome return on the incremental cost of the additional 
installation. 

5. Effect of Future Changes in Load Factor. The question of a 
changing load factor on the economic feasibility of hydro projects is often 
brought up in connection with purely peak-load hydro plants, which rely for 
their economic justification on the continuance of peak loads. Present Rystem 
load factors are from 30 to 75% and there is a tendency for them to in¬ 
crease. A comparison of the load curve of a system having an mutually 
high load factor with one having a lower load factor shows that both curves 
have similar peaks and valleys and that the real difference between them is 
simply the greater law* haul of the system with the high load factor* 

Tins mean" that if we predict firm capacity for a hydro plant many years 
in the future, using present load curves as a bads, it may turn out that dill 
the capacity will not be firm until some years later than predicted. 

0. Hydro Plants as an Exclusive Source of Power. Some years ago 
manv power systems in America were served exclusively bv hydroelectric 
plants. To serve successfully a given load exclusively by hydroelectric 
plants, it is essential that the minimum flow of the stream ( utiles" regulated) 
at time of maximum load lie sufficient to furnish all the power required to 
meet that load. 

Unless adequate storage was provided, there was, accordingly, n great 
waste of water over the daius for the greater portion of the year. Thus, 
minimum flow at time of peak load was the criterion for determining the 
permissible installation, with an extra unit or so for machine reserve. As a 
result, the total cost of the development was usually relatively high per unit 
of installed capacity. There arc, however, exceptional streams, such ns the 
Niagara, the SI. Lawrence, and the Manistee, with flow *o even that they arc 
suitable for development as a sole source of power supply. 

7. Effect of Interconnection on Feasibility. Interconnection has 
radically affected the economic relationship of steam and hydro power. It 
has produced huge savings through diversity in load, reduction in necessary 
reserve capacity, diversity in construct ion programs, higher utilization fac¬ 
tors on hydro plants, and higher rapacity factors on the more efficient steam 
plants. Also, because of the resulting larger connected load, new capacity 
can lie installed in larger and more efficient units and can l>e quickly loaded up. 

8. Component Parts of Value of Hydro Power. The value of hydro¬ 
electric power can lie divided into two components: energy value and firm- 

*For inMiuicc, eonipiire Figs 7 and S in Chapter 14. 
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capacity value, or merely capacity value as it is more generally called be¬ 
cause there is no capacity value unless the capacity is firm capacity (Sec¬ 
tion 3). As previously shown (Chapter 112), steam is the yardstick by which 
the value of hydroelectric power and energy must be measured. The reason 
for dividing the value of hydro power into these two components is that each 
of them has its countcrpart m steam-plant practice. 

9. Capacity Value. As shown in Sections 12 and 13, Chapter 12, the 
annual total cost of any given steam plant may lie divided into (1) fixed 
charges per kilowatt of capacity, (2) fixed cost of operating ]>er kilowatt of 
capacity, (3) peak prepared for cost per Julowutt, and (4) variable cost of 
operating, usually stated in nulls per kilowatt-liour. For preluninary com¬ 
parative purposes, when an alternative hydro plant is being considered, the 
first three items are usually combined anil designated the annu:d capacity 
cost, thus giving the annual capacity value for the alternative steam plant. 

Whenever a capacity value per kilowatt is computed and applied Lo a 
proposed hydroelectric project, it is tacitly assumed that the alternative 
steam plant that ivould otherwise lie const run ed would have a capacity 
equal to the firm cnjiacity of the proposed hydroelectric plant. Sometimes 
this assumption is impracticable, and, if a steam plant were constructed, it 
might be either of very much greater or very much loss capacity than the 
linn capacity of the proposed hydroelectric plant. In such cases, it n* neces¬ 
sary to look farther ahead and make parallel computations of the total anuual 
cost of power supply to the system for u mimlicr of years in the future for 
the construction of cither alternative, as outlined in Sections IS and 19 of 
this chapter. 

Such computations are frequently dmrable for precise determinations, but 
for preliminary setups it is usually sufficient h indicative to compute and 
utilize capacity value on the basis of the same amount of capacity for either 
alternative. 

10. Energy Value. The unit value of the energy that a hydroelectric 
plant can produce from the available stream flow' and that ran lie absorliod 
into the system is the same as the increment cost of energy (or variable 
cost of derating) that would obtain at an alternative strain plant ThiH 
statement is not always precisely true, however, anil the exception*! jro dis¬ 
cussed in Sections li to 14. 

11. Conditions under Which Value of Steam and Hydro Energy 
Are the Same It has been assumed above that the value oi the output of 
a hydroelectric plant would be determined by the annual capacity cost and 
the increment cost of energy at an alternative strain plant. For a system 
with several steam plants having various increment costs of energy, this 
assumption is precisely true if the hydro plant would ojierate at the same 
average annual capacity factor as the alternative steam plant. This would 
also lie true if all the steam plants in the system were equally efficient, re¬ 
gardless of whether or not the proposed hydro plant had the same annual 
capacity factor as the alternative steam plant. 
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12. Conditions under Which Annual Capacity Factor of Hydro 
Remains Constant. A hj dro plant, though subject to the more or less 
fortuitous variation in annual stream flow, operates over a term of years at the 
same average annual rapacity factor and will continue doing so indefinitely, 
provided the load curve is large enough so that all the energy the plant can 
generate may be ab&orlicd in the system. 

13. Conditions under Which Annual Capacity Factor of Steam 
Plant Declines. On the other hand, a newly constructed steam plant is 



Fia. 1 Effect of agp on annual rapucitv fad or of steam plants. 

usually tlic mofct efficient Meant plant m the sWem and may be intended to 
operate on the base of the load curve at ail annual capacity factor of perhaps 
fi() r cy displacing energy which would otheiwise be generate! al higher cost 
in the oliler Meam plants. Figure 1, which is based on detailed operating 
records of a large number of steam turbine unit*, show's the effect wldeh afte 
has had on the annual capacity factors obtained in the past. The curve 
indicates that, on the basis of experience, one may expect a new steam plant 
to ojierulc at or near an annual capacity factor of 50 to 00% for the first 
5 or 6 years, after which the annual capacity factor may be expected to 
decline until it roaches about 10% bv the fourteenth year of service. 

14. Effect of Capacity Factor on Comparative Value of Hydro 
Energy. In view of the above discussion, it is l>eliovod that for preliminary 
comparative purposes an average annual capacity factor of 40% should be 
assumed for proposed steam plants when a hydroelectric project is lieing con- 
wdered as a jmssible alternative. Then, if the proposed hydro plant had an 
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animal capacity factor of less than 40%, the hydro energy would be worth 
less than the increment cost of steam energy. 

A setup showing total cost of i>o\ver supply for a period of years in the 
future under the various alternatives is frequently necessary to determine 
the economic advisability of hydro (see also Flections 18 and 10). 

15. Importance of Increment Cost of Hydro. The importance of the 
increment cost of hydro installation as a facLor affecting the economics of 
hydroelectric plants lias not always been fully realized. For instance, at a 
given site it was determined after investigation that a proposed 10,(XK)-kw 
hydro plant coidd be constructed at a tol^tl cost of $3,000,1)00, or $300 per 
kw. This cost is high, and it will t>e assumed that additional steam capacity 
could he installed 1o furnish power and energy more cheaply. 

The iHind at this site would be of ample proportions, and it was found 
that if the capacity were doubled the total cost of the 20,000-kw project 
would be $3,700,000 (increment cost of installation, $70) (soo Section 2, 
Chapter 33), giving a lot id unit cost of $1N5 per kw. The investigation 
showed that the 10,000-kw plant would lie firm on the connected load curve 
and that 6 years hence the 20,000-kw plant would be firm capacity on tlic 
connected load curve. Also, owing to the fact thai the larger plant would 
utilize a larger proportion of the total river flow, the 20,000-kw plant would 
have an annual output of energy about 2.1% in excess of the smaller plant. 
On this basis it was found that when the 20,000-kw plant would lie firm 
rapacity and lienee could have credited to it full capacity value, it would be a 
cheaper source of power and energy tlmt an alternative steam plant. Con¬ 
sequently, instead of there being an adverse report on the project, the site 
was purchased and held for future development. 

A simplified setup for the two cases will now bo given. In both instances, 
annual total cost of alternative steam power wus $17.25 per kw for capacity 
and 2 mills per kw-hr lor energy. The comparison assumes that there is no 
transmission liability against hydro as compared to steam. 

Case 1: 10,000-kw Hydhu 

Capacity firm on load curve tit time of iuMulluliou. Note tlmt alternative steam 
plant is identical with that represented by Curve A *, Fig. 2. 

Groan Annual Revenue on Una in of Steam Value 


10,000 kw (& $17.25 (10,000 kw is firm rapacity). $172,500 

50,000,OCX) kw-hr (a 2 mills (average year). 100, (XX) 

Total gross revenue creditable to hydro.$272,500 

Deduct, total annual cost of hydro 

Fixed charges fe 0% on $3,000,000.. $270,000 

Operation and maintenance. 15,000 $285,000 


Net annual loss on hydro as compared to alternative steam 


$ 12,500 
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Cask 2: 20,000-xw Hydro 

At. Harm* siU* ah Caw 1 1, to Iw built 6 yearn hence when the capacity will be firm on 
connected load curve. 


(Irons Annual Rcwnue on Bonis of Steam Value 

20,000 kw @ $17.25. $345,000 

62,000,000 kw-hr <g) 2 mills. 124,000 

Total gross annual revenue creditable to hydro.$469,000 

Deduct total annual cost of hydro 


Fixed charges on $3,700,000 (5> 0%.$333,000 

Operation and niainlenance. . 25,000 $358,000 

Net annual saving of hydro as compared to alternative steam... .$111,000 

16. Comparative Total Cost of Hydro and Steam Energy. Thti” 
significance of the incremental cost of hydro installation (Sections 2 and 3, 
Chapter 13) in connection with the economic feasibility of a hydroelectric, 
project becomes clear from a study of Fig. 2, which is a comparison between 
the total cost of energy from :in .irtu.il hydro juoject with that for a proposed 
400-lh pressure steam plant Tn Fig. 2 it is assumed that there iH no trans¬ 
mission liability against the lmlro plant. (See Section 6, Chapler 13.) 

It is assumed also that the system can absorb all energy wlneh the hydro 
plant may gene-rate and that any capacity installed will l>e firm. 

Ample pondage is available at the hydro plant, and it is noted from 
Curve C in Fig 2 that the capital cost of the hydro declines with increasing 
installation from about $505 per kw for 90% annual capacity factor to $100 
per kw at 20% annual capacity factor. 

Referring in Fig. 2 1o the A curves, giving total cost of steam-generated 
energy per kilowatl-hour, and tn Curve /?, giving total cost of hydro energy 
per kilowatt-hour, it is seen that for very high annual capacity factors the 
steam plant shows lower unit cost of energy but that the hydro energy cost 
is less for all annual capacity factors lower than 70% even with a fuel cost of 
$3.00 per net ton (14,000 Rtu coal). 

Figure 3 shows curves of the same type a«* those in Fig. 2 indicating the 
coinpara live total cost of hydro and steam power for a particular hydro 
project mid a proposed 12,000-lb pressure steam plant. Hie hydro is the 
Bridgeport hydro project,* and the steam plant is a highly efficient plant 
utilizing 1200-lb pressure. 

The A curves of Fig. 3 are the same as those in Fig. 5, Chapter 12, and the 
data for the construction of Curves B and C arc given in Table 7, Chapter 13. 

Comparative cost curves like tho^e of Figs. 2 and 3 of this chapter arc use¬ 
ful in the study or the economic possibilities of any hydro project but are 

♦See Sections 4 and 14, of Chapter 13, and Section 18 of this chapter for a 
discussion of this project. 
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not, in themselves, conclusive aw to the economic feasibility of the hydro 
project, unless it is known that all the proposed rapacity will be firm, that 
all the possible energy output may l>e .absorbed in the system, and that trans¬ 
mission liability lias been considered. Also, the comparative value of the 
hydro may be decreased if the conditions within the system are such that the 
steam plant can produce economies by operating on a higher annual capacity 
fador than the hydro is capable of. Sections 11, 12, 13, 14, and 19 discuss 
this matter in detail, and Sect ion 20 gives a comparative economic setup 
that takes these factors into account. 

17. Economic Analysis of a Typiqgl Hydro Project. It will l>c 
assumed that for a certain hydro project thorough field investigations, office 
studies, and estimates have been made, and it has lieen determined that 
100,000 kw of capacity can l»e installed at the site and be firm rupurity on the 
connected load curve in the year that the project will lx* completed. The 
available pondage is ample for weekly regulation with only slight drawdown. 
The minimum amount of energy available during a peak-load week has lieen 
determined as 4,000,IKK) kw-hr, which means that during such a week the 
plant would operate at a capacity factor of 23.8%. The feasible output of 
the plant in the average year has been determined as 4S0,000,000 kw-lir, giv¬ 
ing ail average annual capacity factor of 55%. 

Tlic growth of load in the system is Mich that nlmut 100,000 kw of addi¬ 
tional capacity will lie required in the year in which the proposed hydro 
project can lie completed. Although not more than 100,000 kw of capacity 
at this hydro project could be firm at the time the 4 project is completed, it is 
evident that the charnel eristic* of the project make it suitable for addi¬ 
tional installation some time in the future, and, accordingly, provision has 
been made in the di'sign so that this may lie readily done. The total capital 
cost of the project has been estimated at $17,500,000, exclusive of transmis¬ 
sion. 

A careful study has been made of the transmission liability of ihe project 
(sec Section (i, Chapter 13), and it has been determined that, for the pioject 
to be cuuipurahLc to the alternative steam plant, it will lie necessary to charge 
against the hydro plant the cost of transmitting its output to a secondary load 
center 00 miles from the plant, from which point the output will he dis¬ 
tributed m \ arums directions over existing facilities. The cost of the addi¬ 
tional transmission facilities required which (although they may have some 
future additional function) must be charged against the hydro project lias 
lieen estimated as $3,100,000. Taking total annual cost oil traifeimsMon as 
15%; gives an annual transmission charge of $405,000, so that the transmis¬ 
sion liability against the project is $4.05 per kw per year of installed 
capacity. 

The alternative steam plant of 400-lb pressure, using 14,000 Btu coal at 
$4.00 per net toil, would lie located at or near the above secondary load 
center, and its annual co>t lias lieen determined as $17.25 per kw per year 
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for rapacity (fixed charges plus fixed cunt of orating) and 2 mills per 
kw-hr for energy. 

As the losses in transmission have l>een determined as 6% on capacity 
at time of full demand and an average of 4% in energy, the hydro power 
delivered would be 0.94 X 100,000 - 94,000 kw, and the hydro energy deliv¬ 
ered would be 0% X 480.000,(XX) = 400,800,000 kw-hr. 

Bast'd on the above (Lit a and assumptions, a setup for the project con now 
be made. 


A. Annual value of hydro power delivered in average year (based on costs at 
alternative steam plant) 


Sl.ff21.500 

921.000 

12,542,500 


$1,575,000 

80.000 

405.000 

S2.120.1XX) 


94,000 kw delivered tfi> $17.25 
400,800,000 kw-hr delivered (aj 2 mills . 

Total annual value of hydro power. 

B. Annual total cost of hydro power delivered * 

Fixed charges on hydro development 

9% on $17,500,000. 

Operation and maintenance of hydro plant 
Total annual cost of tianunnssion (see atom*) 

Total annual cost of hydro |H>wer deliveml 

• See Section 18, Chapter 13. 

Hence in (hi** example, the annual advantage of the hydro plant over the 
alternate (* steam plant is *2.542,500 - *2,120,1)00 - *422,500 per year. This 
would usually lie considered quite a satisfactory margin u^much as addi¬ 
tional capacity can be added quite cheaply when required. The hydro phurt 
discussed is not an unusually cheap project, as the total delivered cost is 

($17,500,000 + *1,100,(Ml) + P4 - ,W0 kw “ P" k ' T ' .. , . > 

It ih believed that the above method is preferable to any attempt to figure 
“the retuin on the investment” (which is necessnrilv a more or less theoretieal 
figure), tweause it answers the question that really interests the power com¬ 
pany namelv, “Which source of power supply is the cheaper under the Riven 
conditions ?”' When the return or the n.vestment is required, it * soinrtjmes 
obtained bv using the pr.*ent average art of steam power as the entenon. 
S 'Z JL the return on the investment for a case like the above often 
wrL out to n ve. ? lngh figure, but it prove, nothing because a new, more 

■ ^ hi to mE vE. *"""*•■»" ,«,ld look .. .he 

problem in the following —* ^ At0 ^ „ built in¬ 
to take care oi the m leasing ^ dl $20,600,000 (ineluding 

stead, the required capital expenditure 
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transmission), or $11,200,000 more than required for a steam plant. What 
return will the power company get on this* additional investment? 

This question can 1>c answered os follows, from the data already given; 

Annual Cost or Delivered Hydro Power Excluding Interest on Excess 

Investment in H\dko 

Depreciation, taxes, and insurance on hydro development 
(Sections 8 and 9, Chapter 13), 2% on $17,500,000. . $ 

Operation and maintenance on hydro plant (Section 12, 

Chapter 13) . a .. 

Operation, maintenance, depreciation, taxi's, and insur¬ 
ance on transmission facilities, K‘,u on $3,100,000 (Sec¬ 
tion 5, Chapter 3) . 

Interest charges on cost of alternative steam plant, 7 f )\ 
on $9,400,000 . 

Total annual cost of delivered hydro exclusive of 

inlerost on excess investment of $11,200,0(X). ... $1.336,000 

Annual sum available for return on cxeen* investment in 
hydro $2,542,000 (annual cost of all emit live steam 
plant) minus $1,336,000 > $1,206,500 31.206.500 

Return on excess investment in hydro $1,206,500 + 11,200,000 —. 10.7 f f . 

As this rate is considerably in excess of the average net return on puhlir- 
utility property, it indicates the advisuhiliK of the investment in the li>dro 
project. 

18. Estimates of Total Annual Cost of Power Supply. Tn many 
eases, in order to determine the most economical increment of rapacity, it is 
desirable to estimate the total annual cost of power supply of the system lor 
5 to 10 years in the future, omitting from consideration all fixed charges on 
capital investment already made, but including all fixed charges on additional 
investment. Two complete sets of computations should lie made, one for the 
case in which the steam plant is added, and one for that in which the hydro 
plant is added. Sometimes several optional programs arc involved, repre¬ 
senting as many sets of compulations for various cum lunations of proposed 
plants. Such a study should lie projected to the time vlien the alternative 
steam plant with the largest proposed installation will heroine fully loaded, 
as it sometimes happens that n large steam plant product's large opei.it mg 
savings, the effect of which is not entirely evident until the plant is loaded up. 

Tn such caws, it is necessary to work out load-duration curvcn (see Sec¬ 
tion 9, Chapter 14) for typical weeks of each month of the years to be con¬ 
sidered, and then to allocate the existing and proposed plants to serve the 
load curve most efficiently. Although future load* and actual allocation of 
plants to the loads may turn out to be quite different from those assumed, 
computations, if properly made, will show very conclusively the relative 


350,000 

80,000 

248,000 

058.000 
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total annual cost of ] lower supply each yojr under the various options. The 
scheme that on the average shows the minimum total annual cost of power 
supply is the one that should be adopted. (See also Sections 16 and 17 of 
this chapter.) Such a precise study will sometimes produce results at van* 
ance with the conclusion reached from preliminary investigations. A study 
of this type is discussed in the following section. 

19. Economic Advisability of Bridgeport Hydro Project. A cer¬ 
tain power company owns the site of the' Bridgeport hydro project (see Sec¬ 
tions 4 and 14 of Chapter 13), and as its load is increasing rapidly the power 
company is considering the advisability of Stalling additional capacity. A 
careful estimate of load growth (km 1 Section 14, Chapter 14) shows that, for 
1050, the peak load of the system was estimated as 1,100,000 kw and that in 
1949 additional capacity was required in order to maintain the proper amount 
of reserve (hoc Section 11, Chapter 14). The power supply of the system was 
entirely from steam plants, and a site had liecn obtained for a new gjcain 
plant on a river near the load center where ample water supply was avail- 
aide for condenser water, and preliminary studies of its design and roHt had 
been completed. The proposed si nun plant of 180,000-kw cnpnrity would 
be a high-pressure planl (1200 lb pressure) utilizing 14,000 Btu coal costing 
$4 per net ton. The total cost of rnergy output nt this plant is given by 
Fig. 3, this chapter, and by Fig. 5, Chapter 12. 

It must now' be determined whethrr a hydro plant of 180,000-kw capacity 
at the Bridgeport site would perforin tile same function a« the proposed 
steam plant and also whether Ihcrr would he any net annual saving if the 
hydro plant w T erc constructed instead of the projnwed steam plnnt. 

The critical period is the peak-load week of December. If the week of 
minimum stream flow should coinridc with IhU peak-load w T eek, the capacity 
factor of the Bridgeport hydro with 180,000-kw installation wrnuld be 5% 
during lhat week (from Fig. 1, Chapter 14). That is, the Bridgeport hydro 
may be relied on during such a week to produce 180,000 X 0.05X 168 = 
1,512,000 kw-hr, which, because of the adequate weekly pondage available, 
may lie distributed throughout the week in any desired manner. 

The system load factor for Ihe peak-load week has been found to lie 65%. 
Thus, the total energy that must lie generated in the system during the peak- 
load week of 1950 would Ik* 1,100,000 X 0.65X168 = 120,200,000 kw-hr. 
The ratio of hydro cajiacilv to peak load is 150,000 t* 1,100,000 = 0.1635. 

It 1ms been found that the peak-load ]iercentage curve for the system 
(see Section 10, Chapter H) i> the same aH that shewn in Fig. 12, Chapter 
14. From this figure it is found that, in the top 10.35% of the load curve 
for that week, there was only 1.1* of the total energy for the week, or in 
tliis case 120,200,000 X 0.011 -- 1,322,200 kw-hr. 

Inasmurh as it has lioon found above that 1,512,000 kw-hr is available at 
the Bridgeport hvdroelcctrir project in a week of minimum stream flow, it in 
evident that the entire capacity of 180,000 kw can Ik* relied on as firm capae- 
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ity (Section 3, Chapter 15). In such a week the plant would lx? operated to 
clip the peaks off the top of the load curve. The remainder of the load, or 
(1,100,000 — 180,000) 020,000 kw, would be earned by the steam plants of 
the system. This is the most severe condition possible but one for which the 
system must be prepared. 

The next question is whether all the possible annual output of the hydro 
plant can be absorbed within the load (505,000,000 kw-kr in the average 
year as per Fig. 4, Chapter 13. To determine this it is necessary merely to 
examine the annual load-duration curve of the system (not hen' reproduced) 
and to know the requirements of the system. From the annual load-duration 
curve it is found that the 100% time base 1 load of the system is 275,000 kw, 
and it is also known that in order to lx 1 ready to take variations in load it is 
necessary to have at least 70,000 kw of steam capacity on the base of the 
load curve at all times. Consequently, it is evident that all the energy that 
a 180,000-kw hydro plant may generate with plenty of stream flow r available 
rail always lie ahsorlicd in the system. 

The average annual energy output of the Bridgeport hydro project 
(180,000 kw T ) will be 505,000,000 kw-hr (from Fig. 4, Chapter 13), giving an 
annual capacity fart or of 35.8%. On the other hand, the alternative steam 
plant would produce a good deal more energy because it will be the most 
economical steam plant m the system. For some years (see Section 13) it 
will operate largely on the base of the 1 load rurve al a relatively high annual 
capacity' factor estimated ,is averaging 05% (until additional capacity is 
installed). The average annual energy production of this alternative steam 
plant will thus hi* ISO,(XX) X 0.65 X 8700 - 1,025,000,000 kw-hr. As the un- 
nual load factor of the system is 45#, the total energy production of the 
system for 1950 will be 1,100,000 X 0.45 X S7(i0 -- 4,340,000,000 kw-hr. The 
variable operating cost (see Section 12, ('haliter 12) at the alternative steam 
plant is 1.45 mills per kw-hr (from Fig. 5, Chapter 12), whereas for the exist¬ 
ing steam plants in the system this variable cost of operating is 2.15 nulls per 
kw-hr, or 0.70 null more than that for the proposed steam plant. As will 
later be evident, this difference in the variable cost of rqicrating is an impor¬ 
tant factor in considering the advisability of undertaking the construction 
of the Bridgeport hydroelectric project. 

With the data above und those on the alternative steam plant (Fig. 5, 
Chapter 12; Sections 3 and 14, Fig. 2, and Table 7 of Chapter 13)/ alter¬ 
native setups cun now be made for the year 1950 showing the total annual 
cost of pow r er supply for the system if the alternative steam plant is installed 
or if the Bridgeport hydroelectric project is developed. 

Table 1 shows these alternative setups. It will be noted that a net annual 
saving of $1,495,000 is indicaled in favor of the construction of the Bridge¬ 
port hydroelectric project. 

♦The desired data may also be obluined from Fig. 3 of this chapter. 



ECONOMIC ADVISABILITY OF BRIDGEPORT PROJECT 277 


TABLE 1 


Total Annual Cost or Power Supply for the Year 1950 under Alternative 
A (180,000-kw Steam Plant Added to System) and Alternative B (Bridgeport 
Hydro Project 180,000-kw Constructed) 

Peak load 1,100,000 kw, total annual energy i equipments 4,340,000,000 kw-hr 

(45% L.F.) 


(A) New Steam Plant Installed Annual Cost 

1 Fixed charges and fixed mu rating lost • 
on punting strain plants, tie lines, etr F 

2. Variable operating ouat lusting steam 

plants (4.340.000.000 - 1.025.000,000 - 
3,315,000,000 kw-hr (45 2 15 nulls) 7 127 000 

3. New steam plant, *ig. 5, Chapter 12 

(a) Fixed rhxrgM 

130,000 kw $l» 113 50 12,430,000 

(b) Fixed operating 

charges 

130,000 kw tip 33.80 084 000 

(cl Variable operating 


(B) Bridgeport Hydro Project Developed Annual Cant 
1 Fixed charges and hied operating oost S 
on existing steam plants, tie lines, etc. F 

2. Variable oust existing steam plants 
(4,340,000,000 - Sb5,000,000) - 

3,rs,000,000 kw-hr 44 2.15 nulls «. 118.000 

3. New steam plant 


914,000,000 kw-hr 
01145 mills 


1 825 000 


Total aunual cost new steam plant 
4 New hvdro development 


4 430 000 
None 


4 New hydro Bndgeport jroject 
Total annual ooet (from Table 7, 
Chapter 13) 


1,055,000 


Total annual ooet power supply with uew 

steam phut in 1050 $11,566 000 

phis r 


Total annual roet power supply with 
Bridgeport hydro project m 1050 $10,071,01 

phisF 


- $11,566,000 - 510,071.000 - $1,4B5,000 

flection 14, Chapter 13 
1 ig 2, Chapter 13. 

Fig 12, Chapter 14. 

Table 7. Chapter 18. 


Net annual mvmg m fator of installing Bridgiporl h\ilro project 
Klvekmkkm. „ ... . 

tatm 11. Chapter!*. “ SJ* 1 ?" 1 

twotion 17. Ctuptrr U. * ■*'“ ‘ k *? n “ 

Vi* », Ch»pl« 12 *"*“ ’■ '* 

fWiun 10. Chaptar 14. HertP-4.Chiph.il. 

The comparison in Table 1 ha, boon somewhat idealised to provide a simple 
,Illustration anti costs that vtould be the same Tor both alternatives have not 
bn.ii entered in the laWe. The effect of the Greater “ n ° t “Tof^ 
wmdd lie nrodueed bv the alternative strain plant is shown in Itim l ot. 
tald^ Usually the setups would be more complicated than that here shown. 
For instance the investment for additional tie lines required under the two 
alternatives inighl be qiute .hfferent. The principle, however, would be the 

hil ”l e ' . . + i,„ n .„i v v,.am after in^tallinK the hydro only a part of the m- 

lf, during the . • > “ , d , )p mipewn ry to make setups for a number 
stalled capacity were . b(f fouml th<lt installation of the Bridge- 

of years in the future and 1 R nUv advisable until a Inter date 

-7 w. irtrtrt. -4 w - 

capacity. 
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20. Peak-load Hydro Plants to Supersede Old Steam Plants. It is 

often convenient to consider peak-load hydro plants as competing for the 
service of the short-time and unusual peak loads of the system with the older 
steam plants that produce only a small amount of energy per year at a high 
cost. To make it economical to supersede such steam plants with peak-load 
hydro plants, the total additional annual cost of the hydro plant, including 
interest on the investment, must lie less than the annual cosl of the steam 
plant (excluding interest on the investment) that it is to supersede. 

When a hydro plant is desired for peak-load purposes only, as, for instance, 
to produce 500 to 100 kw-lir per k\v of installation per year, there are often 
many available sites where the unit capital cost per kilowatt is very low 
compared to the cost of most hydro plants (see Tables 1 and 2 of Chapter 13). 
For such a purpose we would locate a favorable site where the stream flow 
is very low compared to the proposed installation, where the pond is of ample 
size, and the cost of the dam insignificant compared to that of the power 
plant. Under favorable conditions such a plant can be constructed for $00 
to $110 per kw. 

In the present illustration, the total annual cost (including interest) on the 
hydro plant (capital cost, 570 per kw) i* assumed to be $7.00 per kw of in¬ 
stalled eapaeity. Assuming that energy production cost at the old steam 
plant that it is to supersede would lie 4 5 mills per kw-lir and that the peak- 
load hydro plant would produre 1000 kw-lir ]>er kw of capacity, the annual 
capacity eo*t of the peak load hydro would lie *7 - (0.0045 X 100) - $2.50 
per kw. It is assumed that peak-load installations will nnl be made until 
such time as they would lie firm capacity on the connected load curve. If now 
the “transmission liability'' (see Sort ion (i, Chapter 13) on the peak-load 
hydro plant is $3 00 per kw per year, the total annual capacity cost of the 
peak-load hydro on a delivered basis in comparison with the old si earn plant 
would be $5.50 per kw. An examination of the data for old steam plants 
in Table 2 shows that all the plants listed have a fixed eo*t of operating in 
excess of $7.00. When it is realized that, in addition, further smugs will re¬ 
sult from the discontinuance of old steam plants as payments to their replace¬ 
ment reserve (for repair* and renewal*) will be stopped and also insurance 
and taxes oil the old plant will be tuned* it is evident Unit there aie situa¬ 
tions where it would prove economical to supersede old steam plants with 
peak-load hydro plants capable of generating at least as mich energy as the 
old steam plants produce. 

21. Net Return on Investment in Pumped Storage Hydro Plants 
Superseding Old Steam Plants. The application of pumped storage 
hydroelectric plants (see Section 5, Chapter 11) superseding old steam plants 
for peak-load services is shown in Fig. 4, which gives a series of curves show- 

* There would uImi be a credit due to scrap value and I lie 'tide of the *ite or its 
utilization fur other purposes. 
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TABLE 2 

Production Costs at Old Steam Plants That fuk the Moot Part Supply 
Peak Loads and Serve ah Reserve Capacity 

(No lift'd Charges Are Included iu Figures Given Below) 






Fixed 

Variable Cost 


Approxi¬ 

Approxi nate 


Cost of 

of Operating 


Cost of 


Operating 

or Increment 


mate 

Fuel per 

Installed 

per 

Cost of 

Plant 

Date 

Million 

Capacity, 

Kilowatt 

Energy, mills 

Built 

Btu * 

hw 

per Year 

per kw-hr 

1 

1904 

SO.1535 

75.000 

$ 8.60 

$3.95 

2 

1905 

0.1785 

17,000 

13.50 

6.70 

3 

1910 

0.1785 

30,000 

8.14 

5.70 

4 

1910 

0.1535 

61,000 

7.55 

2.77 

5 

1911-1915 

0.0954 

65,000 

11.46 

4.10 

A 

1915 

0.1785 

40,000 

10.05 

4.38 

7 

1914 1917 

0.1605 

55,000 

10.14 

4.40 

H 

1916 1917 

0 0954 

33.000 

11.40 

4.01 

9 

1917-1921 

0.1775 

160,000 

11.80 

3.27 

10 

1917 

0.1605 

20,000 

8.15 

4.60 

11 

1919 1922 

0 0930 

25.000 

8.80 

2.30 

12 

1923 

0.1005 

40.000 

8.60 

3.80 

13 

1922 J 925 

0 1530 

155.000 

7.08 

2.07 

14 

1923 

0.0954 

27,000 

11.42 

3.46 

15 

1926 

0.1210 

35,000 

7.32 

2.88 

16 

1926 

0.1210 

50,000 

9.20 

2.77 

17 

1924 1926 

0.1005 

22,000 

8.22 

1.60 


* Bituminous coal of a rock! grade would have approximately 20,000,000 to 28,000,- 
000 Btu jkt net Ion; anthracite, 21,000,000 Btu per net Ion; oil, 6,250,000 Btu i»er 
barrel. One barrel eon Inins 42 l\S. gallons, with 7.7 to 8 lb j»er gal and about 18,500 
Btu |MT lb. 


ing the net percentage return on the capital cost of pumped storage hydro¬ 
electric plants for varum- riipil.il costs of the hydro pin nth and various operat¬ 
ing costs at old steam plants. For the old steam plants it is assumed that 
there is no return on the inane} invested therein. This is simply a special 
case of a jieak-lnad hydro plant, as discussed in Section 20, used to sujiersede 
an old steam plant where the natural water supply for the hydro plant in 
insufficient or nonexistent and must therefore be supplemented or entirely 
provided by pumping. 

Each of the old steam plants and the alternative pumped stoiagc plant arc 
assumed to ujierate on annual capacity factors of 15%. Any proposed 
pumped storage hydroelectric development requires a very thorough analysis 
of all the factors involved in order to determine whether or not it is eco- 
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IChm*. 15] 


noraicallv feasible, but Fig. 4 is interesting borause it indicates to some extent 
the limits of the application of such plants for this purpose. 


iboL 


uo 


sot 



Assumptions, Old Steam Plant 

Renewals and replacements 42 00per kw per year 
Taxes and insurant e 42 50 per kw per year 
Inc remental cost of energy 5 mills per kwhr 

Assumptions, Pumped Storage Hydro 
Overall Efficiency 60f* 

Operation find maintenance 4/ 00per Aw per uear 
(see Fig 37) 

Rene m afs and replacements / 00per cent on capital CO't 
To *es and in surance / 00per cent on capital cost 

Off peak energy for pumping 2 ? mills per kwhr 

Note Points where hne *AA n cuts each 
cun e gives maximum permwbk 
cost for pumped storage hydro plan* 
rf net return on investment . s to equal 
an average t eturn on Public Utility 
property of 7per cent 


1 _ 

5 10 15 20 25 30 

Net Per Cent Return on Capital Cost of Pumped Storage, tydro Plant. 

Fig. 4. Percentage return on investment in pumped Biorage hydro plants used to 
Rupciscdo old Mrum plants (annual capacity factor 15%). 
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REPORTS 

1. Introduction.* The report is the medium through which the engineer 
conveys his ideas to his client and his client’s engineer. He has made his in¬ 
vestigations, surveys, borings, studies, and preliminary design and ms a result 
has reached some conclusion as to the most advisable course for his client 
to pursue under the given circumstances. He now attempts to state his con¬ 
clusions with convincing clarity and supports them with a discussion of the 
data and considerations which led him (o reach these conclusions. In general 
it is desirable that the report be accompanied by enough detailed data to sub¬ 
stantiate the conclusions reached. 

To a very large extent the ideas of the engineer find expression primarily 
in his reports, and executives and businessmen are likely to judge him thereby. 
If his reports are inconclusive and hedged about with many “its” and “amis," 
leaning engineering problems to be decided by the executives, the executives 
an' likely to go elsewhere for such sen ices next time. On the other hand, if 
his conclusions are tersely and concisely stated with convincing clarity and 
arc borne out by the farts, he may obtain a life-long client. Hie ability to 
prepare a good report is one of the most important asseis of the successful 
engineer. 

Thih does nut mean that reports should lie prepared to please the client. 
The objective is to convince the client ot the truth as the engineer has found 
it. Sometimes it may prove unpalatable and even productive of anger on the 
part of the client. Such a rare reaction may at times npiiear to lie to the dis¬ 
advantage of the engineer, but in the long run, entirely hm(1c from the matter 
of principles, it never pays to color a report to please the recipient. 

2. Purpose of Reports. Engineers are frequently called upon to prepare 
reports on water-power sites, projects, or partially or wholly completed devel¬ 
opments or system*- of developments, to show' their value or advisability under 
certain conditions. Some reports deal only with some particular feature of the 
project, like the foundation conditions; the most advisable type of dam to list 1 
under the given conditions; the tailrnre, the conduit, the must desirable tyjie 
of units to adopt, etc. The usual puqioses for which reports on hydro projects 
are required are as follows: 

♦It is assumed that Hie reader linn studied Chapter 12, “Cost of Hteam 
Power”; Chapter 13, “Cost of Hydro Power”; Chapter 14, “Market Reiiuin- 
liients and Load Studies”; and Chapter 15. “Capacity of the Development and 
Economic Advisability of Hydro,” before reading this chapter. 
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1. Promotion. To assist in the promotion of a project or lo furnish engi¬ 
neering advice to a prospective inventor in a project. 

2 ; Marketing a Site, Plant, or 8u»tcm. To ausut in the Rale of a rite, plant, or 
qyatem or to furnish engineering advice to a prospective purehaaer of aame. 

3. Consolidations. To estimate the value of the physical property of a system 
for purposes of stock allotment in proposed consolidations of Bcveral going 
concerns. 

4. Choice of Site. To determine the best site to develop for certain market 
requirements. 

5. Detcrniiiuition of the ntiiuRubility of const ruction of a project or of any 
proposed improvement under existing economic conditions. 

6. ( ondemnatian. To eMimute the vulun of a site, plant, or gystem in con¬ 
nection with condemnation proceedings. 

7. Physical Data To estimate the present or replacement \alue of thr physical 
property of a plant or system. 

3. Extent of the Report. The extent of the rcimrt varies in some menu- 
lire according to the wishes of the client but, in general, with the extent that 
it is necessary for the engineer to go into details in order to substantiate the 
validity of Ins conclusions and recommendations. There is no merit in making 
the report voluminous; mere size impresses no one of experience. It is not 
usually advisable to include in a report all the detailed data utilized by the 
engineer in reaching his conclusions. The data can usually be summarized 
for the report. On the other hand, all utilized data should lie available to 
the client. 

Sometiimv it is advisable 1r pmpnrc n preliminary report for the perusal 
of the client, brin'd on available data, a cursory examination of the site, and 
approximate estimates. Puch reports, prepared in advance of adequate sur¬ 
veys and subsurface investigations, are necessarily highly tentative and must 
Ik* hedged about with many reservations. Nevertheless, when made by an 
experienced engineer, they are frequently sufficient to show the probable 
feasibility or lack of feasibility of the project. If the preliminary report 
show's a value which is satisfactory to the client, it is superseded by a final 
report based on extended investigations and studies for a more accurate esti¬ 
mate of value. 

4. Annual Depreciation. The annual charges on hydroelectric develop¬ 
ments, including depreciation, arc discussed in some delail in Chapter 13, and 
in Fig. 1 of Chapter 12 there are given curves for estimating annual pay¬ 
ments to depreciation reserve until fi'J and 7% money. Table 1 herein gives 
the same information, but for a range of interest rates from 4 to 9%. The 
tuble is derived from the following equation: 


where A * each annuul payment, in dollars; 

t = the interest rate, expressed as a decima.; 

n * the period of years covering the useful liie of the structure or piece 
of equipment. 
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If interest k> paid semiannually, flic* anniuil payments will be only slightly 
less. 

It has been contended that the proper rate to use is the average rate of 
return which the given industry makes annually on its investment. It is 
usual and recommended practice, however, under the sinking-fund method 
of figuring depreciation, to use a relatively low rate such as 4 or 5%. See 
Table 1. Actually, reserves are reinvested in the Inkiness, but theoretically, 
and sometimes actually, the depreciation reserve is a separate fund earning 
only a safe return. 

TABLE 1 

Annual Payments Required to Accumulate One Dollar at tiie End of a 
Given Number of Years 

Interest Compounded Annually 


Num- 
ln*r of 
Years 



Interest Rate 



3% 

* r i 

s p ; 

i 

! 6% 
i 

7% 


2 

0.403 

0.407 

0.488 

0.485 

i 

0.482 

0.480 

3 

0.324 

0.320 

0.317 

0.314 

0.311 

0.309 

4 

0.230 

0.235 

0.232 

0.228 

0.225 

0.222 

5 

0.180 

0.184 

0.181 

0.177 

0.174 

0.171 

6 

0.153 

0.151 

0.147 

0.143 

0.140 

0.136 

7 

0.130 

0.126 

0.123 

0.119 

0.115 

0.112 

8 

0.111 

0.109 

0.105 

0.101 

0.098 

0.094 

10 

0.087 

0.0834 

0.0795 

0.0758 

0.0724 

0.0690 

12 

0.0705 

0.0660 

0.0628 

0.0592 

0.0559 

0.0527 

15 

0.054 

0.0400 

0.0463 

0.0429 

0.0398 

0.0368 

20 

0.037 

0.0336 

0.0303 

0.0272 

0.0244 

0.0218 

25 

0.027 

0.0240 

0 0209 

0.0182 

0.0158 

0.0137 

WJM 

0.021 

0.0178 

0.0150 

0.0127 

0.0106 

0.00883 

35 

0.017 

0.0136 

0.0111 

0.00900 

0.00724 

0.00580 

40 

0.013 

0.0105 

0.00828 

0.00647 

0.00501 

0.00377 

45 

0.0108 

0.00826 

0.00627 

0.00470 

0.00350 

0.00259 

50 

0.0080 

0.00655 

0.00478 

0.00344 

0.00246 

0.00175 


6. Accrued Depreciation. 1 'Annual depreciation" of an item is defined 
as its annual loss of value. “Accrued depreciation” may be similarly defined 
as its accumulated loss in value at the end of a given period of yearn equal 
to or less than its estimated useful life. “Accrued depreciation reserve,” ns 
herein lined, may lie similarly defined as the accumulated replacement fund 
at the end of a given period of years. 
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The derivation of the amount of accrued depreciation reserve may be ex¬ 
plained best by an example. Thus, from Table 1, it is evident that, in order 
to provide a fund of $10,(XX) for the replacement of an item at the end of 20 
years, it is necessary to set aside annually 2.44% of $10,OCX), or $244, at 7% 
compound interest. Suppose it is desired to know the accrued depreciation 
when the item is 10 years old. From Table 1 it is seen that $0.0724 set aside 
annually at 7% compound interest will accumulate $1 at the end of 10 years. 
Therefore, an annual dcjMisit of $244 will, at the end of 10 years, amount to 
244 X 1.00 -5- 0.0724 = $3370, which is the accrued depreciation of the item 
at tho end of 10 years. 

The foregoing method of computing accrued depreciation iH known as the 
“sinking-fund” method and is generally used by engineers in reports. It will 
lie noted, in the previous example, that the item in question, having passed 
through one half of its estimated life, is only 33.7% depreciated. This is be¬ 
cause the reserve accruals with compound interest will lie more rapid in the 
latter ]>art of the life of the item than in the first part. 

The aetual physical depreciation uot lieing determinable, the sinking-fund 
method of estimating it has the most favorable features from many points 
of view. However, some commissions having jurisdiction over the accounting 
of public-service corporations have deem'd that accrued depreciation, as af¬ 
fecting statements of eupilul account, shall be figured by wliai is known as 
the “straight-line” method. This method is based on the assumption that 
accrued depreciation is directly proportional to the age of the item. In other 
words, the accrued depreciation at a given tune is equal to its first cost times 
the ratio of its age to its estimated life. Thus an item having passed through 
one half its estimated life is 50% depreciated. 

Whereas engineer*-. iiMially estimate accrued depreciation on the basis of the 
estimated cost of replacement, not on the first coht, accountants generally use 
the first cont only, and commissions, also, are based on first cost. 

6. Legal Requirements. The engineer should obtain competent advice 
oil federal and local legal requirements that aJTcct the value of a plant or 
project. Such requirements arc too numerous to describe here, and they differ 
materiallj 7 according to location and the company s charter rights. 

Tho Federal Power Commission Inis jurisdiction over all developments on 
navigable streams and those' requiring the use of government lands As “nav¬ 
igable” streams embrace not only those that arc at present navigable but also 
those that can be made so by the construction of locks and dams, the juris¬ 
diction of the Commission is theoretically unlimited and the practical limit 
has not been well defined. For such developments, permits must be requested 
and licenses obtained; all plans are subject to the approval of the Comnmrion. 
Certain fees and rentals are demanded, and locks m sometimes paired 

Several usual legal requirements are mentioned in Item VIII of Table 4. 
One state prohibits the excitation of power; another requires reservoirs and 
nonds to be cleared of trees and brush to the Iwttom instead oi to low water; 
many states require dams to be built in accordance with certain specifications 
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which are quite radical; cemeteries may be condemned for flowage in some 
stales and not in others; state lands, in many states, may not be used for a 
development under any circumstances, and in others, only by an act of legis¬ 
lature. 

The right to interfere with the flow of the stream to the detriment of other 
users on the stream exists only under special circumstances. Therefore a 
project may not lie allowed to operate at a low load factor if there are plants 
below that have no pond and are equipped to run only at a high load factor 
and therefore require a fairly continuous flow. 

These and other requirements and limitations have sometimes been sufficient 
to prevent the development of otherwise excellent projects. 

7. Rate of Return. Most reports on hydroelectric projects or features 
thereof deal with proposed expenditures. No one wishes to si>eud money 
unless it will produce a satisfactory return on the investment, and, therefore, 
report* should show in the terms preferred by the client what return may be 
expected from the proposed investment. Public utilities are limited almost 
everywhere by law or by the regulation of public bodies in the maximum 
return which they can make on their total investment. 

In the United States Ihis permissible maximum net return is seldom above 
7%, and investors in public utilities would be huppv index'd if the total invest¬ 
ment really produced a net return of 7%. However, with nnv proposed ex¬ 
penditure, it is usually necessary that it should show u greater return than 
this becauhc there is always the risk that tilings may not turn out as antiei- 
pated. Construction cost** may lie greater than estimated, and stream flow 
available may prove to lie less. If a power company can develop a hydro 
project and have reason to lielieve that the investment will provide a net 
return of 10%, it would generally undertake the expenditure. 

On the other hand, if the enterprise is speculative as, for instance, a project 
in undeveloped country where market conditions are uncertain and new indus¬ 
tries must be attracted, the prospective return on the investment would 
have to lie much greater to be attractive. (See also Section 10, Chapter 13.) 

The sort of financial setup which should lx 1 used in the report varies greatly 
with the typo of the report and with particular situations. Thus, in order to 
make it economically advisable to undertake a water-power development, a 
power company w f ith a growing market may merely want to know that the 
hydro project wdl give them the required increment of power al a slightly 
lower annual cost than an alternative steam plant. On the other hand if the 
project is to be developed by a company that owns only that project and is 
planning on selling its output by contract to other companies, the promoters 
or owners will lie interested directly in the net return on the investment which 
they can anticipate. More or le»6 typical financial setups arc given in Chap¬ 
ters 13 and 15. 

8. Values for Future Development. If a project i b not suitable for im¬ 
mediate needs ot if its development must lie postponed because there are 
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more favorable projects suitable for immediate market requirements, it may 
he purchased for use sometime in the near future. In this case the total 
amount invested in lands and water rights at the end of the period of idleness 
will l>c the sum of the following items: 

(nr) The amount paid for the lands and wilier righln. 

(M The interest on the purchase price during the period. 

(r) Tuxes on the value of the lands and water rights during the period (value 
usually assumed equal to purchase price). 

(d) Interest on the money borrowed to puy the interest and luxes. 

In other words, the interest and taxes will be compounded during the period. 

l^et n = the ]X»riod of idleness in yours; 

i = the interest rate, expressed as a decimal; 
t = the tax rale, expressed as a decimal; 
p «= the principal amount paid for lands and water rights; 

C = the totul investment at the end of the period. 

Then, if interest is paid quarterly, 

C = p(l +-J*) 4 " [2] 

A. Estimates of Cost. The tendency in 1o estimate loo low on all types 
of project a, and estimates of water powers are no exception. The greatest 
source of errors in intimating is (he failure to provide sufficient time for ade¬ 
quate investigations and studies. 

Table 2 contains a list of most of the important items which enter into 
the cost of a hydroelectric development. Such a list should be kept by engi¬ 
neers and consulted after each estimate to guard against omissions. 

Manufacturers of turbines, generators, and other apparatus are always 
willing to give accurate estimates of rost, and such estimates are usually 
very reliable if sufficient time is taken for their preparation. Bids are fre¬ 
quently obtained from prospective contractors on the general construction 
items. Estimates based on these data, supplemented by Ihe engineer’s judg¬ 
ment, are the most acceptable to the prospective investor. 

An estimate of cost is practically worthless unless based on first-hand 
knowledge of the estimator. An able engineer will not attempt to estimate 
the cost of an important item upon which he has had no experience without 
consulting someone who has. Tlio use of published or offhand statements of 
unit costs on other jobs is to be emphatically discouraged. They seldom 
are reliable unless accompanied by an ample description of the costa included 
therein, as they sometimes show bare lalior and material costs, excluding plant, 
miscellaneous, and other overhead exjienses which are a laige percentage of the 
total. Moreover, they frequently apply to conditions far different from those 
pertaining to the project. Published unit-price bids on other jobs are likely 
to lx* unbalanced. 
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TABLE 2 

Estimating Form, Hydroelectric Power Development 

I. Preliminary expenses. 

(a) Previous expense ami overhead. 

(ft) Survej r ing and mapping. 

(r) Report h. 

(d) Borings and test pits. 

(r) Miscellaneous. 

(/) Office and camps (mc*c also XXV). 

( 0 ) Power-transmission lino for construction purjioscN. 

(h) Temporary telephone. 

(i) Franchise's. 

II. Clearing site. 

(a) Removing structures and apparatus. 

(ft) Removing trees and brush. 

(c) Grubbing. 

(rf) Salvage. 

III. Highways and bridge's. 

(a) Relocation of existing. 

(ft) For access to site. 

(r) For local construction purposes. 

(d) Jjoral permanent roads and bridges. 

(f) Roads ciossing conduits. 

(/) S]M'cial structures. 

IV. Railioa*lx and bridges. 

(n) Relocation of existing. 

(ft) For access to site. 

(r) For local construction purposes (except as included in emit met or’H 
plant). 

V. Damage to public utilities. 

VI. Wharves. 

(a) lleloration of existing, 

(ft) For access to site. 

(c) For local construction purposes. 

VII. Ferries. 

(a) Relocation of existing. 

(ft) For access to site. 

(c) For local construction purposes. 

VIII. Taking care of water. 

(a) Earth excavation. 

(ft) Rock excavation. 

(c) Embankment. 
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Estimating Form, IIydroblectuic Puw mh DjfiV£LOVMi&NT 

(dj Cofferdam. 

(p) Sliwt piling. 

(/) Round piles. 
to) Heel fill. 

(h) Hand-bug fill. 

(?) Pumping. 

0) Gates and sluices. 

(A:) By-pass c onduit (see Xll). 

(0 Removal of cofferdam, etc. 

IX. Reservoirs and [Kind. 

(a) Preliminary (sh* I). 

( b ) Clearing site (see II). 

(r) Highways and bridges (w*e 111). 

(d) Raili'oads and bridges (see IV). 

(f) Wharves (see VI). 

(/) Ferries (see VI11. 

{g) Drill barriers. 

(/ 1 ) Cemeterii*s. 

X. Duniri. 

(n) Preliminary (see I). 

(ft) Clearing site («*oe II). 

(r) Highwa>s and budges (see III). 

(i/) Railroads and bridges (sis* IV). 

(r) Wharves (see VI). 

( J ) Femes (see Vll). 

(ff) Taking cure of water (see VIII). 

(/i) lee and trash fenders. 

(/) Fishw ay- 

(y) Ijog, ice, and trash chute. 

(A*) Sluice gates. 

(1) Gales. 

(2) Hoisls. 

(3) Sluice lining. 

(4) Screens. 

(5) Eleetrical equipment. 

(0 Bridge on crest. 

(/#i) Movable crest and operating mechanism. 

(«) Air supply for (w) to prevent freezing. 

(o) Lighting. 

(/i) Intake and equipment (six* XI). 

(y) Masonry dams, 

(1) Six* X(«) to X(g), inclusive. 

(2) Earth excavation (nee also X(q) 12a) 

(3) Rock excavation («tx* also Xfa) 12ft). 

(4) Preparing foundations and grouting (six* also X(g) 12c). 
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TABLE 2- Continued 

Estimating Fohm, Hydroelectiuc Poweh Development 

(5) Boaring pilra. 

(6) MaHnnry (see also X(g) 12 d). 

(7) Backfill. 

(8) IJuderdrainage. 

(9) Steel reinforcement. 

(10) MiMeellancous uleelwork. 

(11) Apron. 

(12) Cutoff. 

a. Earth excavation. 

b. Rock excavation. 

c. Sheet piling. 

d. Masonry. 

e. Grouting (see alr»o X(g) 4). 

(13) Water Mops. 

(14) Heel fill. 

(15) Expansion joint a. 

(r) Timber dams. 

(1) See X(a) to X(g), inclusive. 

(2) Earth excavation. 

(3) Rock rxcavaliou. 

(4) Concrete footings. 

(5) Bearing piles. 

(ti) Shis*! piling. 

(7) Grouting. 

(8) Timlierh. 

(9) Sheeting. 

(10) Slone filling. 

(11) Earth filling. 

(12) Miscellaneous steel, Inilts, and puis. 

(13) Ileel fill. 

(14) Apron. 

(a) Earth damn. 

(1) See X(ci) to X(jj), inclusive. 

12) Earlh exeavalion (scs> also X(«) 7a) 

(3) Rock excavation (see also X(i>) 7«). 

(4) Earth fill. 

(5) Rock fill. 

(0) Retaining walls. 

(7) Core walls and cutoffo. 

а. Earth excavation. 

б. Rock excavation, 
r. Masonry. 

d. Steel reinforcement. 

e. W'ater stops. 

/. Puddle. 

g. Sheet piling. 

h . Grouting. 
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Estimating Form, Hn>uoKLBCTitir Power Development 

(8) Slojie protection. 

(W) Sodding and w*pdinn. 

00) Gutters anil drains. 

(11) Roadway surfacing. 

(12) Outlet Urner (mv XI). 

(13) Bridge to tower (mm* XI). 

(14) Outlet under embankment (bit XII \ 

(15) Stripping and grubbing. 

(16) Drains. 

(17) Gravel filters. 

(18) [Tp&tream blanket. 

(19) Gunite. 

(20) Grout rap. 

(0 Isolated spillways. 

(L) Her previous applicable items. 

(2) Reinfuieed-roncrete paving. 

(3) Stilling basins. 

(4) Walls and flumes. 

(5) Riprap. 

(Vi) Getaway canal. 

XI. Intakes. 

(«) Pi el mlinary (mt 1). 

(5) Clearing site (see II). 

(r) Highways and bridges (nee III). 

(d) Railroads and bridges (see IV). 

(e) Wharves (wv VI). 

(/) Ferries (see VII). 

(g) Taking care of water (Hoe VI11). 

(ft) lee and trash fender and chutes. 

(i) Bridge 1 on top. 

O') Lighting, wiring, and ducts. 

(/c) Structure". 

(1) Earth excavation (see XI (k) 10a). 

(2) Rock excavation (nee XI (k) 10ft). 

(3) Preparing foundations and grouting (h also XI(Ar) 10/). 

(4) Hearing piles. 

(5) Masonry (st*e also XT (AO lOrf and XI (Ir) 15). 

(6) Backfill'. 

(7) Underdrainagu. 

(8) Steel reinforeeinent. 

(9) Miscellaneous steelwork 

(10) Cutoff. 

a. Earth excavation, 
ft. Rock excavation. 

c. Sheet piling. 

d. Masonry. 
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TABLE 2 —('(tritinued 

Estimating Form, Hydroelectric 1 Power Development 

r. Grouting (see also XI (/r) 3). 

( 11 ) Water stops. 

(12) Air inlets. 

(13) Superstructure (see XIV). 

a. Housing over air inlet. 

b. Housing over gates. 

(14) Heating. « 

(15) HeLaining walls (hoc also XI (A) 5 ). 

(/) Equipment. 

(1) Racks ami supports. 

(2) Main gale's and supports. 

(3) Main gate hoists. 

(4) Exciter gates and supports. 

(5) Exciter gate hoists. 

(0) Filler gules anil supports. 

(7) Filler gate hoists. 

(S) Electrical operation with cables and ducts 
(!)) Miscellaneous htivl. 

(10) »Sloplogs and supports. 

(11) Miscellaneous equipment. 

( 12 ) Mechanical rakes. 

(13) Pram's. 

(141 Air supply to prevent frizzing. 

XII. Conduits. 

(«) Preliminary (see 1 ). 

(5) Clearing site (si*e II). 

(r) Highwuys and bridge's (mv III). 

(d) Railroads and bridges (see IV). 

(c) Wharvi's (see VI). 

(/) Ferries (sis' VII). 

(g) Taking can* uf water (see VIII) 

(h) Intakes (sec XI). 

(?) Culverts. 

(j) Sewers. 

(k) Cattle crossings. 

(0 Settling basins. 

(m) Waste weirs (siv X). 

( n ) Waste channels. 

(n) Bridges and trestles for conduits. 

(p) Fencing. 

( 4 ) Canals. 

( 1 ) Sec XII(a) to XII(p), inclusive. 

(2) Earth excavation. 

(3) Rock excavation. 

(4) Embankment (set 1 X(*)). 

(5) Lining and slope protection. 
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TABLE 2 —Continued 

Estimating Foum, dhu electric Poweh Obvblopment 

(0) Cable crowdings. 

(7) Tlrops. 

( 8 ) Reinforcing bti^l. 

(0) Retaining walls. 

(10) Wall drains. 

( 11 ) Backfill. 

(12) Out Hide walls (see X). 

(13) Aqueducts (hop XI 1 (f)). 

(14) Kim rgenpy gates. 

(r) Pii^linoH. 

(1) Set* Xllfa) to XII(p), inclusive. 

(2) Earth excavation for liencli; for piers 

(3) Rock excavation. 

(4) Embankment (seeX(s)). 

(5) Covering and relill. 

(fl) PiiH* materials. 

(7) Circumferential stiffeners. 

( 8 ) Cradles. 

( 0 ) Concrete covering under embankments 

(10) Piers and hills. 

(11) Anchorage. 

(12) Reinforcing steel. 

(13) Painting mid ensouling. 

(14) Expansion joints. 

(15) Air inlets. 

(10) Air out let s. 

(17) BUmoffh. 

(18) Drainage of pipe. 

(10) Undcnlrainage. 

(20) Valves. 

(21) Valve houses. 

(22) Relief valves. 

(23) Manholes. 

(24) »S|>erial connect ions. 

(25) Surge tank (see XII00)- 
(«) Penstocks (sec XII (r)). 

(0 Flumit). 

(1) See XII (n) to Xll(p), incluhive. 

(2) Earth excavation. 

( 3 ) Hock excavation. 

(4) Embankment (m^ X (#)). 

(5) Flume mat eriuls. 

(0) Flume footings. 

(7) Foundation drainage. 

(8) Dnips. 

( 0 ) Reinforcing steel. 

(10) Painting. 
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TABLE 2 —Continued 

Estimating Form, Hydroelectric Power Development 

(11) Expansion joinl r. 

(12) Emergency gates. 

(ii) Tunnels. 

(1) Sen* XI 1(a) to XII (p), inclusive. 

( 2 ) Portals. 

а. Earth excavation. 

б . Rock excavation, 
r. Refill. 

d. Rank protection. 

e. Paving. 

f. Masonry. 

g. Stool reinforcement. 

h. Drains. 

(3) Tunnel earth excavation 

(4) Tunnel rock excavation. 

(5) Bracing. 

( 6 ) Masonry lining. 

(7) Steel lining. 

( 8 ) Crown fill. 

(t)) Invert fill. 

(10) Cutoffs around lining. 

(11) Lining drains. 

(12) Invert drains. 

(13) Grouting. 

(14) Reinforcing steel. 

(15) Air inlet*. 

(10) Air outlets. 

(17) Blow offs. 

(18) Special connection*. 

(10) Valves. 

00 Surge tanks. 

(1; See XII(a) to Xll(p\ inclusive. 

(2) Earth excavation. 

(3) Rock excavation. 

(4) Refill and grading. 

(5) Foundation drain*. 

(0) Tank drains. 

(7) Concrete footings. 

( 8 ) Reinforcing steel. 

( 0 ) Surge* tank and tower. 

( 10 ) l'Yost proofing. 

(11) Painting. 

( 12 ) Heating apparatus. 

XIII. Powerhouse substructure. 

(a) Preliminary (see I). 

(b) Clearing Bite (six) II). 
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(r) Highw&yH and bridges (see ITT). 

(d) Railroads and bridges (see IV). 

(c) Wharves (iwe VI). 

(/) Ferries (see VII). 

W Taking ran of water (her VIII). 

(A) Eatth excavation. 

(0 Ruck excavation. 

0) Preparing foundations and grouting. 

(A*) Bewaring pik* and shoes. 

(l) Underdrairiage system. 

(in) Cutoff (sec Xfa) 12 ), stivl Hlieet piling. 

(w) Refill and embankment. 

(o) Masonry. 

(p) Steel reinforcement. 

(q) Miscellaneous steelwork. 

(r) Powerhouse drains and valves 
00 Intake equipment (set' Xl(/)). 

(/) Air inlets. 

(u) fee and trash fenders. 

(**) Water st n|w. 

(w») W T ater supply. 

Or) Draft-tulx‘ forms. 

(y) Diaiiipipiiig. 

(z) St op logs. 

(no) Stoplog supports. 
ibb) Floor liardi'iier. 

XIV. Powerhouse su|H*rstnirture. 

(o) Structural Bti*el. 

(ft) Miscellaneous steel. 

(c) Walls and partitions. 

(d) Floors. 

(r) Floor surfacing and hat doners. 

(/) Floor covering. 

(g) Sills and lintels. 

(i h ) Roof. 

(0 Roof rovering. 

(j) Gutters, leaders, and flashing. 

(i) Steel reinforcement. 

(H Doors, window's, and skylights. 

(m) Hardware. 

( n ) Painting and finishing. 

(e) Ventilators. 

(p) Plumbing anil water. 

(</) Lighting. 

(r) Heating. 

(s) Hus structure (if not in XVII). 
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Estimating Form, H ydaoelkcthiu Power Development 

(f) Switch cells. 

( 11 ) Fire protection. 

(») Office^ equipment. 

(w) Cornices ami supports. 

XV. Hydraulic equipment. 

(а) Main turbine's. 

(б) Exciter turbine's. 

(c) Main governors, pumps, tanks, and piping. 

(d) Exciter governors, pumps, tanks, ami piping. 

(e) Governor oil. 

(/) 8wi tell board contml. 

(g) Hand control. 

(A) Relie'f valves (sen' XII (r) 20J. 

(0 Water-cooling system for lswings. 

O') Oiling system. 

XVI. Ele'etrie'al equipment. 

(а) Main generators. 

(б) Exciter generators. 

(c) Ijow-tension svi itches. 

(d) Low-ie'nsion bus-bars. 

(c) Kviitchlioard. 

( f ) Wiring anil ducts, 

0) Tranafornici*. 

(//) High-tension switchra. 

(?) High-tension bus-bars. 

(j) Lightning irnslew, 

(k) Trails!ormc'r oil. 

(l) Oil tillers and punijis. 

(m) Oiling system. 

(n) Oil rnuling system. 

(o) Motor-general or sets. 

(p) Storage batteries. 

XVII. Miscellaneous equipment. 

(а) Crane and motor. 

(б) Pumps and motors. 

(c) Eductors. 

(d) Machine shop. 

(p) TraiiHfonner truck and track. 

(/) Air compressor. 

(g) Fire pumps. 

(A) Office equipment. 

(0 Oil treatment. 

O’) Miscellaneous oil, air, anil water piping. 

(A;) Air conditioning. 
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(0 Ilrat exchanger*. 

(m) Draft-tube gates and hoists. 

(») Draft-tube pumps. 

(o) House water supply. 

(p) Sanitation. 

XVIII, Testing and starting. 

XIX. Tailracc. 

(a) Preliminary (see T). 

(6) Clearing site (see 11). 

(e) Highways and bridges (see 111) 

(d) Railroads and bridges (see IV) 

(p) Wharves (see VI). 

(/) Ferries (see VII). 

( 9 ) Taking rare of water (see VIII). 

(b) Earth cxravatinn. 

O’) Rock excavation. 

U ) Embankment and rt'lill. 

(k) Paving. 

(l) Sheet piling. 

On) Slope protection. 

(») Retaining walls. 

(o) River walls and (Tib. 

XX. Outdoor Substation Structure: 

(a) Preliminary (sec I). 

(b) Clearing site (see 11). 

(r) Highways and bridges (see III). 

(d) Railroads and bridges (mh* IV). 

(p) Wliarves (sec VI) 

(/) Ferries (sec VII). 

(i g) Taking rare of vater (see VIII). 

(h) Earth excavation. 

(0 Rock excavation. 

O') Embankment and refill. 

(k) Slope protection. 

(0 Retaining * alls. 

(m) Concrete footing*. 

(w) Concrete floor paving. 

(o) Superstructure (mv also XIV). 

(p) Fence. 

(q) Transformer track (nee also XVII(s)). 

(r) Drains. 

(s) Structural steel. 

(0 Equipment (see XVI). 



206 


REPORTS 


I Chap. 16J 


TABLE 2— Continued 

Estimating Form, Hydroelectric Powhh De\ eiawment 

XXI. Indicating and recording devices for hydraulic purposes. 

(a) Venturi meters. 

(ft) Pitot tube's. 

(r) Measuring weirs (see X). 

(d) Water-stage indicators. 

( e ) Water-stage alarms. 

(/) Miscellaneous metering devices. 

XXII. Permanent transmission line and telephone lino. 

(а) Foundations. 

(б) Anchors. 

(c) Steel towers. 

Id) Poles. 

(e) Cross-arms. 

(/) Insulators. 

( g ) Conductors. 

(i h ) Ground win* and grounds. 

(0 Stay guys and anchors. 

(j) Telephone line and insulators. 

(&) Transformers and niclcrs. 

(2) 8|)crial crossings. 

(m) Sectionalizing stations. 

XXIII. Temporary transmission line and telephone line. 

XXIV. Suljstations (see XVI and XX). 

XXV. Permanent quarters. 

(a) Operators' houses. 

(ft) Guest house. 

(c) Garage aud stable. 

(d) Water supply and sanitation. 

(c) Outside lighting. 

XXVI. Construrtion overhead (uidess inrluded in unit costs). 

(a) Freight, haulage, erection, and removal of construction plant. 

(ft) Organization and overhead expenses. 

(c) Storeroom salaries and cxi tenses. 

(d) Watching, lighting, and guarding. 

(e) Provisions for safety to persons and property. 

(J) Accidents and damage. 

(i g ) Plant investment less salvage, or plant rental, or plant depreciation, 
(ft) Plant operation and maintenance and repairs. 

(0 Small tools. 

(j) Garage, commissary, camp, and other auxiliary future investment 
and operation. 
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(fc) Fin", payroll, and personal injury insurance. 

(Z) Contractor's tand. 

XXVII. Local genera] charges. 

(a) Engineering and office equipment. 

(b) Engineering salaries and expenses. 

(r) Engineering supplies. 

(d) Office salaries and expensre. 

M Fire, payroll, and personal injury insurance 

(/) Engineers’ quarters. 

to) Auxiliary features (set' XXVI(j)). 

XXVIII. Engineering and miscellaneous. 

(a) Home office engineering, su|iervisiun, purchasing, inspection, and 

overhead. 

(b) (Consulting engineering. 

(c) Legal expenses. 

(ri) Organization expenses. 

(r) Client's office salaries and expenses. 

(/) EnleitHiniug. 

(g) Royalties, franrhihe^, and license*. 

XXIX. Allowance for unforeseen contingencies and omissions. 

XXX. Real estate, rights of way, flowage rights, water rights, and cemeteries. 

XXXI. Interest during const ruction. 

XXXII. Taxes during const ruction. 

XXXIII. Interest and taxes on cost of real estate, rights of way, flowage rights, and 
water rights during period of idleness prior to construction. 

XXXIV. Working capital. 

An allowance for unforeseen contingencies, omissions, miscellaneous items 
not large enough to be estimated separately, and possible errors in both esti¬ 
mated roots and quantities is usually provided at or near the end of the 
estimate. The amount depends upon the extent of the data available and 
the probable accuracy of the investigations and studies. It varies lietween 10 
and 20Cr of the total estimated cost. 

Interest during construction is approximately the interest on the total 
estimated cost for alwut one half the construction period; but, for project* 
taking several years to build, it is advisable to estimate a progress schedule 
And figure the interest charges more accurately. 



300 


REPORTS 


[ Chap. 161 


Working capital is included only if the returns from power sales will not 
be quick enough to provide money for running expenses when the plant lint 
starts up. Its inclusion is probably necessary only for a new company. 

10. Arrangement and Wording of Report. Every report should be 
accompanied by a letter of transmittal which merely states the authority for 
the report and the number of copies that have been forwarded and to whom. 
The report should be introduced by a statement of its purpose and scope. 
Usually, in engineering reports, this is followed by a brief summary of conclu¬ 
sions and recommendations, after which are given, in as much detail as re¬ 
quired, a logical discushion of the variouft factors involved rind a description 
of the investigations and studies of the engineer. Maps, drawings, diagrams, 
lengthy tabulations, and similar exhibits are commonly placed in an appendix. 

A table of contents giving a list of sections and the* page numbers on which 
they commence should be included, together with a list of figures and tables. 
If the report is lengthy an alphabetical index of subjects should be added. 
Margins should be wide, and binding should be at the left-hand edge so that 
the report will open like a book. A common fault is to have the left-hand 
margin so narrow, especially on pages with figures and tables, that material 
at the extreme left is not visible after binding. Tins difficulty can be obviated 
by making sure that all left-hand margins arc* at lca*t 114 in. wide. 

Figures and drawings accompanying and funning a part of the report should 
be assembled at the end of the typed material anil should be bound vuth the 
report. If possible they should l>e limited to a width of 11 m. When wider 
sheets than this are unavoidable, the* folds should he so placed that the reader 
does not have to do any unfolding to read the title and number of the figure 
or drawing. 

Every report should carry the date on which it is submitted and the signa¬ 
ture of the engineer responsible for it. This would seem axiomatic, but the 
authors have seen many reports from which one or the oilier was missing 
It should never be necessary to read more than the first paragraph of a report 
to learn what it is about or more than the first few pages to find out wlnt the 
engineer's conclusions and recommendations are. The busy executive to whom 
the report is addressed frequently reads only the “Purpose of the Report” 
and the “Summary of Conclusions and llecormncndntirnb,'’ then thumbs it 
over, takes a look at the figures, makes a few notes, and turns the report over 
to his engineer for sludy and for favnrablc or unfavorable recommendation. 

Neatness iH an essential feature of a good report, as a poorly tyiied and 
bound report invariably Tarries with it an impression of inaccuracy. The 
typing should be double spaced on 8HX 11 in. sheets of good-quality paper 
and should be legible. The various subjects treated should be numbered and 
underscored as sitle headings, and subheads should lx* added where helpful. 

The engineer should not use in his report lerlmicnl terms that are not 
known to those for whom the rci>ort is intended unless such terms are fully 
explained; it is frequently advisable to include a glossary of technical terms 
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with definitions. Reports to laymen should .liffer materially in this respect 
from those to an engineer. * 

11. Subject Matter of Reports. A report is essentially an opinion. 
However, the client hitH a risht to expect that, unless otherwise specifically 
noted, all statements in the rcjwrt are based on adequate and careful investi- 
Rations by the engineer. 

It ia not always possible for the engineer to baso his report entirely on 
information lhal has been venfii .1 by hiuiHclf or his assistants. Therefore, 
when necessary asMunptionB must lie made, thej should be clearly stated to 
lie such, and all unverified dalti should lie curefidly scrutinized to determine 
their probable aceuraey. The report should contain a statement of the au¬ 
thority or the source of the unverified information and, if advisable, rerom- 
niendations to the effeel that verification of such information is necessary bo- 
fore the report ran Ik* accepted in its entirety. 

The engineer should l>e careful not to pa>s upon the validity of contracts, 
franchises, and similar documents. The client'« attention phould be called 
to all assumption* that are of a legal nature or for any other reason are out¬ 
side the province of the engineer, so that they can tic verified by the proper 
authorities. 

The usual qualifications m the report of unverified data are similar to the 
following: ‘T am informed by ynur superintendent that . . ." or “According 
to the publications of the Weather Bureau . . " 

The engineer should .also lie careful to indicate the probable accuracy of his 
conclusions as afl’ected by the data available. It is iiiiju^ihle to make exact 
estimates of cost of ilo\elopinent, as they are affected by probable labor rates, 
probable floods, the amount of good weather during construction, and other 
influencing condition* which arr impc^ihlc to proibct. Consequently the 
engineer is compelled to lia^e hm conclusions to sonic extent on pure judg¬ 
ment. The exjieneiired engineer will then'fore form his own conclusions as 
to the value* derived from pool, average, and good working conditions, even 
if only one value is given in his lepurt. He will, however, always state in his 
report conditions on which the value is based. 

Many reports are improperly qualified by the statement that “under nor¬ 
mal ami proper conditions, the conclusions will be substantiated.” Olher re¬ 
ports frequently state that “the estimates and conclusions are conservative,” 
without giving the degree of conservatism. A large corporation, promoting 
a numlier of projects, may ho content with statements of probable value baaed 
on average conditions, on the assumption that, if the conditions are worse 
on one project they mil l>e better on another, and thus prove satisfactory 
as a whole. 

On the other hand, a client investing in only one project will not be satis¬ 
fied with a value based on average conditions. With bad lurk, the project 
may fall short of being a successful enterprise. In such cases the conclusions 
in the report should be bused on conditions worso than the average. Often 
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it may be advisable to give the client values based on two possible extremes 
as well ns a probable value; this will allow him to take whatever Ramble he 
desires, if the worst value is not entirely satisfactory. 

For cases where, owing to differences in runoff, the output of the devel¬ 
opment will be greater in some years than in others, the usual basis of the 
report is the result for the average year. It is advisable, however, to give also 
the result for a minimum year if the result for several lean years immediately 
after starting the plant might cause embarrassment to the rompany. 

There is an inherent desire on the part of promoters to have the engineer 
base his report on as favorable assumptions us the available data will permit. 
On the other hand, the attitude of investors is one of conservatism. The ethics 
of the engineering profession requires that the engineer’s opinion, as expressed 
in the report, should lie unbiased and should not depend upon whether the 
report, is for a promoter or an investor. This is not a statement that the 
engineer’s opinion should lx* an honest one; it is merely another way of ex¬ 
pressing the need for proper qualification or explanation of such opinion as 
deserilied above. 

No engineer is an cx]>ert in all branches of his profession. It is never an 
admission of ineoiniietency for an engineer to request consultations with other 
engineers having exjierieneo along spiviul lines. Reports of geologic, con¬ 
tractors, foreMers, foundation experts, and others may pioperly be appended 
to the engineers main report. 

12. Outline of the Report. After the engineer has made surveys and 
bubsurtace investigation of the Mies involved (see Chapter 7), lie is prepared 
tu make his studies of how best to utilize the site, his estimates of cost under 
various alternatives, and his study of market conditions, etc. (See Chapter* 
12 to 15, inclusive.) From these he is able to determine the most advisable 
course for his client to pursue. 

He is then ready to prepare his report. At this stage it is well to make uu 
outline of the report showing the subjects to lie riiscii'sed and their logical 
arrangement in the report. It usually consists of a list of the side headings 
or sections which it is intended to use in the report. Tin* outline is generally 
altered from time to tune as judgment dictates during the preparation of 
the report. 

The following arc typical headings for sections in u complete report on a 
project. These can lie further subdivided as shown in Table 4. 

1. Purpose and scope of report. 

2. Summary of coudusionb. 

3. Corporate history of existing company. 

4. Charters, franchises, and other assets. 

5. Physical featuies of the watershed. 

6. Water supply. 

7. Head available. 

8. Power available. 

0. Power market. 
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10. Dearription of the rate anil rotating property. 

11. Proposed new work and extensions 

12. Description of field investigations. 

13. Estimate of money required. 

14. Estimate of gross annual income. 

15. Estimate of annual charges. 

10. Financial statement showing the value of the project. 

Items 13, 14, and 15 are used in compiling the financial statement of Item 

16. 

The following are the section headingH of another report prepared for the 
executives of a power company which was considering the advisability of pur¬ 
chasing certain water-power sites on a river held by a promoter, on which the 
promoter had already done considerable engineering work. 

1. Purpose and scope of the report. 

2. Suminury of conclusions and recommendations. 

3. List of important tint a from tlu° report. 

4. Outline of promoter’s scheme of development. 

5. Water supply find power available. 

6 . Promoter’s cost cstimnto. 

7. Development of some head previously inv •'htigHlrd. 

8. Ripurian rigid s. 

9. Necessity of acquiring rights of owners by-pastil bv diversion. 

10. Power project*. Lm*Iow diverhion. 

11. Utilization of blank river hydro power. 

12. PJunf capacities. 

13 Enlminted loads and suggested additional capacities. 

14. Maximum demand week load curve. 

15. Alternative hydro projects. 

16. TmnsmiNUun required. 

17. Cost of delivered blank hydro power with installation of 130,000 kw. 

18. I'cut of delivered blank hydio power with installation of 200,000 kw. 

10. Cost of alternative steam power. 

20. Total annual cost of power supply with blank river hydro power added. 

21. Total annual cost of power supply. 

22. increase in net income due to adding blank river hydro. 

13. Records and Check Lists for Reports. All computations for re¬ 
ports should be fully explained and mdo\ed. Frequently, the same project 
comes up at a later date, and it is sometimes quite difficult to find out how 
one arrived at all the conclusions of a report several years old. The authors 
have found that it is convenient to use summary sheets similar to those shown 
in Table 8 so ns to have computed or determined data relative to the project 
or projects discussed in the report available in convenient form during and 
subsequent to the preparation of the report. 

Table 4 has liven found useful bolli as a guide in the preparation of the 
outline of the report and as check list after the preliminary draft of the 
report has been completed in order to see that everything pertinent has bean 
covered. 
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TABLE 3 

A Form non tiil Compjka i kin o » Pkuj* n Dai a 


Rtftitnr* 
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ft 
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ft 
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41 \l shift 

42 41 Switfhhoard 
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i3 Ave mgs. 1 ail water surf tfr 
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55 Minimum lultufpi Suifiu 
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It 
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[Chap. 161 


TABLE 4 

Combined Outline of Essential Data Required foh a Report on a Plant or a 

Project 


I. Scope of report. 

1. Client. 

2. Name and general location of plant or project 

3. Purpose of report. 

4. Tyj>e of report deni red. 

5. Previous reports and studies. 

IL Corporate history of existing company 

1 . General information. 

2. Officers. 

3. Directors. 

4. Controlling interests. 

III. Charters, francliises, and Cither assets. 

1. Cliarters. 

(a) Date, life, and jiowcrH. 

(ft) Amendments. 

2 . Franchises. 

(n) Date and life. 

(ft) Rights secured and |>eiiding. 

(r) Conditions and restrictions. 

(i d) Competitive f ran chin's, with particulars. 

3. Other incorporeal assets. 

(a) Contracts. 

(1) Date and life. 

(2) Between what parties. 

(3) Conditions. 

(ft) Least's and mortgages. 

(1) Date and life. 

(2) Between what parlies 

(3) Conditions. 

4. Charters anti franchise's required for proposal new work and extensions. 

IV. Physical features. 

1. Location and name of river. 

2. Nearest railroad point. 

3. Tran»]M>rtation facilities to site, existing ami proposed. 

4. Drainage area. 

5. Topographical conditions of the watershed. 

0. Geological conditions of the watershed. 

7. Climatic conditions. 

(a) Range in teirqjerature. 

(ft) Variations in precipitation by seasons. 

8 . Foundations (see also XII 5(c)). 

9. Existing storage, controlled anti not controlled. 

10 . Water supply. 
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RECORDS AND CHECK LISTS FOll REPORTS 

TABLE 4 —Ctntmued 

Combined Outline of Essential Data Required for a Report on a Plant oh a 

Project 

(а) Available stream gagings. 

(б) Precipitation reroute. 

(r) Average precipitation. 

(d) Evaporation data 

(e) Estimated pnwnt stream flow. 

(/) Estimated stream flow after proposed storage. 

(f) Estimated flood cliaract eristics. 

(A) Effect of plants above on variations in Mi earn flow. 

(i) Requirements of plants lx a low, rcstiicting variations in stream flow. 

(j) Floating substances in the water. 

(1) Ice, surface, frazil, and anchor. 

(2) Effect of proposed new ponds on icc. 

(3) Silt. 

(4) Itfbns 

(5) Acids and other impurities. 

(k) Condition of dams uInivc if failure will cause damage. 

V. Elevations. 

1 . Datum of elevations 

2. Conversion fad or to gel V. »S. G. S. datum. 

3. Permanent cn^t of spillway, existing or proposed. 

4. Top oi temporary dashboard*.. 

3. Top of concrete linn-overflow dam. 

6 . Top of darn embankment. 

7. Average tail water of next plant above, if affected. 

K. Average tail water Mirlace 

!). Highest tailwater suriace. 

10 . Txiwcst tailwater surface. 

VI. Head. 

1. Gross head. 

2. Productive head (see definition, (Chapter l), Section 1). 

3. Miuiiniim net head. 

4. Maximum net head. 

5. Rating curve of taiiracc. 

6 . Effect of possible iee gorges on tailraee elevation. 

VII. Maps, profiles, pholos, drawings, and literature. 

1 . Main and profiles. 

(a) General map of surrounding territory covering sites, neighboring 
pull's, railroads, highways, elevation atiove sea level, etc., preferably 
a contour map. 

(&) Map Rhowiug nature and sine of drainage basin, giving elevations 
aliove sea level, preferably a contour map. 

(r) Map of reservoir sites showing contours at various stages of water 
surface. 
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REPORTS 


[Chap. 16] 


TABLE 4 —Continued 

Combined Outline op Ehmsntial Data Required for a Report on a Plant or a 

Project 

(d) General map allowing lauds owned, leased, nr under option, and 
required for extension or new work, and location of present and pro¬ 
posed HtruelurcH. 

(r) Contour map and sections at sites of all structures showing; foundation 
eonditions. 

(/) Profile of river. 

(g) Get if possible 

(1) II. S. G. S. mails. 

(2) IT. fl. Coast and Geodetic Survey niupn. 

(3) Other national state nr municipal maim. 

(4) Maim of private surveys. 

2. PhotoR: get photos of piesent structures and site's of proposed structure's. 

3. Drawings: gel blueprints of all present and proposed structures. 

4. Literature: get ropies of all available reports. 

VIII. Ia'rrI. 

1. Has the power company the right under the local law to condemn 
(a) The flow of the streams? 

(fo) The necessary real estate? 

2. How will water rights 1m* acquired? 

3. How will lands and rights of way la* secured? 

4. What approval of city, stale, or national government is necessary for the 
proposed extension and new work? 

5. What legislation is neeessary? 

H. What parts of items 4 and .1 have been secured? 

7. How long will it take 1o secure such approval and legislation? 

8 . An* fishways required? 

9. Will log chutes lx* requirc*d? 

10. Can transmission-line right of waj 1 m* secured on sectional lines or public 
highway a fun* of charge? 

11. What will taxes on proposed extensions and new work la 1 ? 

12. What will the taxes on exiating work, ImiiuIh, and stocks lie? 

13. What will the political aM|»ects la*? 

IX. Power available. 

L. Kw-hr per annum of primary output. 

2. Kw-hr iN'r annum of secondary output in Average year. 

3. Kw-hr per annum of secondary output in minimum vear. 

4. Kw T -hr per annum of dump output, in average year 

5. Kw-hr per annum of dump output in minimum year. 

<1. Distribution of foregoing items during week and year. 

7. Load factor required for delivered |M>wcr. 

X. Power markets. 

I. Communities being or t<o lx* served. 

2. Existing and prospective jxiwer contract*. 
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arm 


TABLE 4—<7(miinucrf 

Combined Outline of Essential Data Required for a Report on a Plant qr a 

Project 

3< Large power users. 

4. Street lighting. 

5. Domestic usera. 

6 . Load curves.: 

7- Load factors. 

8 . Probable growth of market, 

9. Probable sale price of power or existing rates. 

10 . Probable competition, 

11. Probable cost of steam power for the market. 

XI. Description of existing physical property. 

1 . Lands. 

(a) Location. 

(b) Description. 

(c) Areas. 

(d) Detailed actual or estimated value. 

(e) Used for what purpose at present. 
if) Owned in fee. 

0/) Leased (description of lease). 

2 . Water rights. 

(a) Location. 

(b) Nature. 

(c) Detailed actual or estimated value 
(i d ) Owned. 

(e) Leased (description of lease). 

(/) Controlled by contract (description of contract). 

3. Structures and apparatus. 

(a) Itemized list (see Table 2).. 

(b) Description, general dimensions, capacities, etc. 

(c) Drawings. 

(d) Character of foundations. 

(e) Age, condition, and probable life. 

(/) Detailed actual or estimated cost. 

(р) Provisions for extensions. 

(b) Owned. 

(1) Leased (description of lease). 

4. Reservoirs and ponds. 

(a) Areas. 

(b) Permissible draft. 

(с) Capacity. 

(d) High water. 

(«) Relocated roads, bridges, railroads, etc. 

XII. Proposed new work and extensions. 

1 . Lands now owned or leased (see XI, 1). 

2. New lands required. 
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TABLE 4 —Continued 

Combined Outline or Essential Data Rjqqttibkd fok a Report on a Plant ok a 

Project 


(a) When Decided. 

(b) Area. 

(c) Location. 

(d) Required for what purpose. 

(e) dried for whal purjiosc at present. 

(/) Under option (description of pption), 

( g ) Othersi«e controll( k d. 

(A) Not controlled. 

(») Detailed proliable cost. 

3. Water rights, now owned or under contract (see XI, 2). 

4. Additional water rights required. 

(a) Location and when needed. 

(b) Nature. 

(c) Under option (deHcripticm of option). 

(r/) Otherwirie controlled. 

(c) Not controlled. 

(/) Detailed probable cost. 

5. Proposed new construction. 

(a) Wlii k n needed. 

(b) Itemized list (m*e Table 2). 

(r) Description, general dimen«ioiiH, CH])aeitieH, etc. 

(d) Sketchi's or drawings. 

(c) Description of subsurface invest igations. 

(/) Character of foundations. 

(g) Detailed estimate of conslnictimi cost. 

6 . Reservoirs and ponds to In 1 created. 

(a) Areas. 

(b) Permissible draft. 

(r) Capacity. 

XIII. Data for estimates of cost. 

1 . Kind and location of material Tor construction, 
fa) Ingredients for concrete. 

(b) Stone for riprap. 

(r) Earth for embankments. 

(d) TimlxTlands. 

(f) Are foregoing on owned or controlled lands or IhiuIh to lie purchased? 

2 . Local coats. 

(a) Skilled lalmr. 

(b) Unskilled labor. 

(c) Trucks. 

(d) Coal. 

(p) Lumber. 

CO Other materiala. 

3. Available camp sites. 

4. Freight rates. 
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TABLE t—i'rmtinufd 

Combined Outline or Ehhential Data Required for ▲ Report on a Plant or a 

Project 


5. Loral hauling rates. 

6 . Local rate* for power for construction imrjxwcfl- 

7. Storage reservoir assessments. 

XIV. Operation of exiting profierties. 

1. Statement of assets and liabilities for a jieriod of 5 years. 

(a) General balance sheet 

(ft) Nature of funded debt. 

(1) Interest rates and dates. 

(2) Date of maturity nf bonds 

(3) Premium and dale at which bonds may be mieemed. 

(r) Naturp of floating debt. 

(rf) Contingent liabilities (i.e., cumulative dividends, etc.). 

(c) Debts not due by a*cei tamed amounts (i.e., taxes, tnnkiug fund, depre¬ 
ciation, suits pending, adverv 1 legislation, etc.). 

(/) Profit and loss account. 

(0) Schedule of const ruction costs. 

2. Statements of receipts (for period of 5 years). 
la) Lighting. 

(1) Commercial. 

(2) Municipal 
(ft) Power. 

(1) CoiniTiei rial. 

(2) Municipal. 

(r) Othei sources. 

3 Sinlements oi o|iernting excuses (fin a period of 5 years). 

(er) Manufacturing. 

(1) Fuel, oil, waste, and supplies. 

(2) Labor. 

(3) Maintenance. 

(ft) Distribution. 

(1) Diboi. 

(2) Maintenance. 

(r) General. 

(1) Office salanes. 

(2) Supping- 

(3) Rents. 

(4) Taxes. 

(5) Legal. 

(6) Insurance. 

(7) Damages. 

4 Statement at net earning (for period of 5 yearn). 

5. Statement of deductions (fi« a period nl » J*"" 1 ) 

(n) Fixed ehargefc. 

(ft) AH other. . , . _ . 

«. Statement of the surplus (.'nr a period of 5 yearn). 
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TABLE 4— Continued 

Combined Outline of Essential Data Required foh a Report on a Plant or a 

Pro jett 

7. Statement of special cause for material iucreawe or decrease in earnings 

and of>erating expenses during any year. 

8. Statistics (for a period of 5 years). 

(а) Power-station load nirvi^s showing jasaks and loafl factor. 

(б) Coat per kw-hr generated (i.c*., switchboard cost). 

(c) Cost of power j>or kw-lir, if purchased, and contract conditions. 

(d) Gross receipts i»er kw-lir. 

(e) Gross receipts per capita served. 

(/) Pemintage of o])orating excuse to gross receipts. 

(g) Water consumption and eost. 

(h) Kw-hr generated fHT annum. 

(t) Output of sulMbitions. 

(j) Kind of fuel, consumption, and cost delivered. 

0. Fund for depreciation. 

XV. Possible competition. 

1. By existing comfsditors. 

2. By possible future competitors. 

3. Cost of steam jhnmt. 

4. ("fist of coal. 

The engineers detailed office studies and calculations generally remain in 
his possession. The nml in these 1 for careful and complete compilation of all 
assumptions, data, and calculations, properly indexed, logically arranged, ami 
cross-referenced, cannot lie overemphasized. The basic data in all sections 
of the calculations should give the source from which they were obtained nr 
a reference thereto, and all studies should be explained to an extent sufficient 
to allow another engineer to follow them. The engineer should bear in mind 
the possibility that, after several years, lie may be called uiwn to expand or 
explain purts of the report and perhaps to testify in a legal action in '•omier- 
tion with the subject of the rejKirt. 

The wriler has found the form given in Table 3 useful for compiling a 
summary of data for quick reference. The form is particularly well adapted 
to the eompilation of data for the various projects of a large system. 

Table 4 gives an outline of the essential data required for a report on a 
plant or a project. A list of this kind is useful as a guard against omissions in 
field investigations and in the compilation of the report. 
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DAMS—DESIGN AND CON 
STRUCTION 




CHAPTER 17 


SOLID GRAVITY CONCRETE DAMS 

A. General • 

1. Introduction. An extensive discussion of the theory of the design of 
dams is not iKw-iblc in u handbook. Therefore, this volume is confined to a 
synopsis of the subject and the presentation of sufficient data for the engineer 
to preimre preliminary designs and estimates. For a eomplete treatise m the 
design of dams the reader may consult Refs. 1 and lfl, Section 57. 

2. The Choice of Solid Gravity Concrete Dams. Thr solid gravity 
concrete dam is a permanent structure. Past experience has indicated that 
lhe annual maintenance eo-t for tliii- tvpc of dam i« greater than for rock-fill 
or earth dam 1 - and lc«s than for any other type However, improvements in 
modern praeliee of concrete material- and construction will tend to make 
future maintenance costs negligible. 

This type of dam is adaptable 1o all localities, but its height is limited by 
the slrcnglb of the foundations, the height of those on earth foundations hav¬ 
ing been limited generally to about HR ft. For localities where the rock is a 
considerable distance Mow the -iirface, an earth-till dam lias frequently liecn 
found to lie more cconomiral, particularly when a dam of great height is re¬ 
quired, bccan-e ihc earth-fill dam does not have to rest on a roek foundation. 

The difference in first costs between solid and hollow gravity concrete dams 
depends on local conditions. The solid dam requires less cement per cubic 
yard of concrete, less lorm work, and less expense in placing concrete, and 
it lias no steel reinforcement. On the other hand, the hollow dam requires 
eon-iderably les- concrete per linear loot of dam. The lightest type of hollow 
i lam usually requires only IIS to -tO r ,f of the concrete required in a solid dam. 
For a remote location, where materials of construction are expensive, the 
hollow dam usually costs less to build than the solid dam} but, in more acces¬ 
sible locations, comparatively near railroads, where concrete aggregates arc 
convenient, the ret erst* is likely to be true. 

The solid gravity eouereie dam usually costs more than a timber dam, 
ihough jierhaps not more than a first-class, rock-filled, timber crib dam at a 
site where tinilicr is expensive. 

An earth or rock embankment almost always costs considerably less than 
any form of gravity concrete dam, if materials for the former are found con¬ 
venient to the site. Therefore, if conditions admit of an embankment, that 
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type of dam ta usually to be preferred. The limitations of earth dams are dis¬ 
cussed in Section 3, Chapter 20. 

Bccauw* there in considerably less material in an arch dam than in any other 
concrete type, it costs much le*s to construct. However, as will be pointed 
out later, sites particularly suitable for arched dam* are rare. 

3. Nomenclature. The following nomenclature will apply to the design 
of solid gravity concrete ■lam*'. Unless definitely mentioned, all forces are 
stated in pounds and nil dimension* in feel. Tliese symbols are also defiiied 
whore ihey first appear. 

A -» area of a vertical or horizontal section of tlu* dam; angle between wind direc¬ 
tion and fetch 

a = earthquake acceleration * ag. 

<\ *» an earthquake factor. 

I) ■* average depth of water in setup equations. 
d « a horizontal length, with locally descrilied subscripts. 

e « eccentricity, distance from the center of gravity of a section to its midpoint. 
F — fetch or length in miles of exposure of a watei surface to wind action. 

/ — coefficient of static friction for well-dressed specimens. 

/' — actual coefficient of static friction at a given joint or brae. 
g =» acceleration of gravity -> approximately 32.2 ft ]kt second per second. 

If — total height of dam section. 

k — vortical distance; height of masonry; head of water, etc.; special subscripts 
explained where introduced. 
hr " “design head” on standard spillway crest. 
hu — height of wav<*s; head on theoretical sharp-crested weir. 
k — percentage of voids expressed as a derimal. 

L — top width of n dam 
l ™ length of a horizontal joint. 

\f o* mabs; moment, special subscripts explained where introduced. 

2.If = algebraic suinmution of the moment h of nil forces acting above a given joint 
or base, including uplift bul exclusive of Die reaction at the joint or Liam*. 
m ■* distance from the center of gravity of a figure oi base of a ilain block; m f is 
to the downstream face; m" is to the upstream hire. 

P = horizontal load on a gravity dam; frequently divided into /V /* 2 , etc. 

'SP » algebraic Huiiumitiou of the horizontal components of all force* acting on a 
gravity dam above a given joint or bast', excluding the reaction at the joint 
or has* 1 . 

P, « an earthquake force. 

I\ — pressure per linear foot of darn. 

P 9 ■» horizontal earth or silt pressure. 

p» — inclined unit stress; p/ is at llie downstream face; p," is al the upstream face. 
p n ™ external nonnal unit pressure due to walcr and silt on llie fan* of the dam; 

Pn is on the downstream fare; p„'* is on the upslieam face. 
p r “ unit vertical reaction at a point in the foundation of s dam exclusive of uplift 
pressure; p/ is at the downstream lw; p," is al the uy>Mream Its* 
pu ™ unit uplift or piezometer pressure on a joint or base of a dam; p M ' is at the 
downstream toe; p„" is at the upstream toe. 
p 0 — total unit vertical reaction (p r + p tt ); Pv is at the downstream toe; p,." is 
at the upstream toe. 

R m a reaction or a resultant of forces, 

r ™ ratio of average to maximum shearing stresses at the joint nr base. 

8 * setup caused by wind. 

S/ — safety factor against sliding. 
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EXTERNAL WATER PRESSURE 
S t S — shcar-friction safety factor. 

An * ultimate unit sheafing Htruugih of dam or foundation materials. 

V — wind velocity in miles per hour. 

W ■* vertical force or weight; sutarripta designate special values. 

■ algebraic summation of the vertical components of all forties acting on a dam 
above a given joint or base including uplift but. exclusive of the reaction at 
the joint or base. 

W T w ■ total uplift force in a dam slice at a joint or the fo undation. 

«■ ™ unit weight, 
tri — unit, weight of masonry. 
u »2 *■ unit weight of aater. 

«fe — unit diy weight of earth or silt. 

tri =* unit weight of submerged earth or silt. 

* unit weight of saturated earth or Hilt, 
j ■» in general a distance; a vertical or horizontal lever arm. 
y = in general a distance. 

z « horizontal distance from center of moments to the point of intersection of 
the resultant with a joint or bast 1 , 
or — ratio of earthquake acceleration to j if. 
f «= uplift inlenhity factor. 

B «■ angle of inclination * with tin* vertical of the resultant li of the forces ^(W) 
and 

X = specific gravity. 

0 *» angle of inclination * with the vertical ol the fact 1 of the dam; 0' is for the 
downstream face; 0" is fur the upstream law; angle ot internal friction for 
earth or sill. 


B. Foiu ls \riiNi, on IUms 


4. The Forces Considered in Design. In the design of any dum the 
forces generally considered as acting on the structure may consist of the 
following: 


it. Water pie—uie. 

/». Atmospheric pressure, 
p I* i pre—me 
ti Kaitli presume. 


t . Weight of the dam. 

/. Weight of the foundation, 
r; Earthquake forces. 
h. Rencliou of the foundation. 


The nature ol most of thine forces, unfortunately, is such that they do not 
admit of exact determination Their amount-, direction, and location musl 
Ik 1 adiqjtcd liv (lie designer altei a thorough consideration ot all obtainable 
facts I tearing on the case, and with the exercise of his be*d judgment, based on 
Ins exjienenee and lhal of other., who lme had to deal with similar problems. 

It jined always lie lioinc in nniul that conditions in no two dams arc alike, 
and that a general theory must never Ik* applied to a particular case without 
thought ns 1.0 the possible need of uioclilication to suit the conditions peculiar 
thereto. 

6. External Water Pressure. The weight of a cubic foot of fresh water 
usually adopted in dam design is 62.5 lb per cu ft. 

♦ This is the common definition, as in general the joints and bases are hori- 
zunlul. For inclined joints or bases the angles B and 0 should be measured 
fium u nunual to the joint or banc. 
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In Fig. I, let 1-2 represent a submerged vertical rectangular plane of unit 
width, measured jierpendinilnr to the paper, Living its top edge parallel to 
and coincident with the surface of the water. 

The total pressure, P, on the plane 1-2 is obtained by the equation 

p = w m 

The force, P, is ti distributed force, applied, although unequally, over the 
entire face. It may be represented by the right triangle 1-2-3, the length of 


Water surface 1 



water piessme on a 
vertical plane 


Water surface 1 



water picssuii on a 
vertical plane 


the leg 2-3 of which w proportional to Its center of application pas-es 

through the center of gra\ity of the triangle, which is up from the bottom ol 
the face u distance 


or * £A 2 


1^1 


The moment of P about the lower edge of the surlace is 

Px = lw 2 h 2 2 |3| 

If a portion 1-5 of the face 1-2 is removed, ns indicated in Fig. 2 for a spillway 
dam without velocity of approach, there will lx* left u vertical Mihmergcd face 
5-2 of length A, with its upjwr edge lielow tvntor surface a depth Aj. The total 
pressure on the surface 5-2 is 

P = ,> 8 (A 2 2 - hf) [4] 


The center of application p.isses through the center of gravity of the trape¬ 
zoid 5-2- 3 7, which may lie found grapliically or by the equation 


x 


i» h 2 + 2Ai 
aA hi + h 


[ 5 ] 


The moment of the force P al>out the lower edge, 2, of the Hurface is 
Px * jtesAW, + JA) 


M 
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EXTERNAL WATER PRESSURE 

In the e«w of a spillway dam with voJocity of miproaeh v, as shown in 
Pig. 3, the water surface, which at the non-overflow portion of the Ham would 
be represented by the line 1-S, will drop a distance A„ - v-/lig to level 9-10 
at the spillway and 1-8 Iwrames the energy gradient. The pressure on the 
dam, including the dynamic pressure due to the velocity of approach, corres- 
sponds to the elevation of the energy gradient nnd not the elevation of water 
surface. The total pressure, P, on the face of the dam 5-2 is represented by 
Ihe area 5-4-.T-2. For ] ractical purposes the tolal pressure rnuv be assumed 
to !..■ equal to the area 5-7-.V2, and Kqs. 4, 5, and ft will apply'. 

The submerged faces of dams me frequently inclined, causing the normal 
wafer pressures against them to depart from the horizontal. In most dam- 



design problem^ it i> convenient to dr:il sopurntoh with 1 lit' horizontal and 
vertical components of surh force*. 

If the faro 5-2 nf the spillway dam of Fig. 3 is now considered i nr lined, 
UK the fure 1-2 in Fig 4, then the total pressure It on the fare 4-2 may be 
revived into horizontal and vertiral comiwments, P und W. The horizontal 
component P will lie equal to the pressure represented by the area 5-7-3-2 
on the prujoHion 2-5 of the plane 1-2, and it^ amount, renter of application, 
and moment about point 2 can he eomputed by Eqs. 4, 5, and 6. The vertiral 
component, If, including the vertical component of the dynamic pressure due 
to the velocity of approach, will he equal to the weight of water represented 
by the area 1-2-4-8 with its center of application at the center of gravity of 
the figure. 

In Figs. 3 and 4, if h x equal to zero, as for a ease of no flow, the 

spillway dam is similar to a non-overflow dam. The energy gradient and 
water surface are coincident. With h x equal to zero, Eqs. 4, 5, and 6 apply 
for a non-overflow dam. 

The horizontal component, P, of the total water pressure on the upstream 
face of the dam in Fig. 5 is equal to Ihe total pressure on the plane 8-3 and 
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is determined by Eq. 1. The distance, x, from point 3 to the renter of appli¬ 
cation of the forre P is found from Eq. 2. The vertical component, W, is 
equal to the weight of water within the area 7-2-3-fl and art* through the 
center of gravity of that area. For convenience, W may be divided into the 
parts 7-2-0-8 and 2-3-9. The tailwater ol depth /i 4 exerts a pressure in an 



Fm. 4. W.tter piesMiie on un inclined fare of an oveiflow dam. 


upstream direction, the value and center ot application l»eing determined 
respectively by Eq*. 1 and 2. The \eiticnl tailwater effect is er|iiiil to ihc 
weight within the triangle 11-10-4. 

The presence of tailwater may reduce or mav increase tin* stability of the 

dam. If the cuireet tailwater dejith v- 
difficult to deteiininc, Ihc stability of the 
dam should be checked for possible maxi¬ 
mum and minimum depths. 

In the case of a spdlw.rv section, coil- 
Mcleiation should be giwn to the possible 
i eduction in depih due to a hydraulic 
jump. 

6. Subatmospheric Effects. In Fig 
3, il the sliajx 1 of the crett of tlic* tpillwa} 
is inside to fit the jet of spilling water, as 
explained in Section 33, the falling water 
will not exert any appreciable foice on 
the dam However, with a crest not 
shaped to fit the jet, and with insufficient 
aeration under the jet, a partial vacuum is created under the jet. duch nn 
area of bubatmospheric pressure ulong the' fait' of tlie dam adds to the over¬ 
turning effect on the dam. 

7. Uplift. Dams aie subjected to water pressure, not onl> on exposed faces 
but also on their Iwses and within the masonry itself. These ini mm I prowsuies 



dam. 
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produre uplift Uplift is the upward pimmutnc presbure of wafer jb it beeps 
or flows through the dam or its foundations It causes a reduction in the 
effective weight of the si me tun ilune it Water causing uplift pressures mi> 
enter through pores or imp(rfcctions in the foundation, through impelfeelly 
Ixnided foundition or eonstnution pints, 01 through poies in the structure 
itself Hie conception generally applied to hydrostitic-uplift piessure may 
lie expluned by i discussion of tin hypothetic d conditions illustrited in 
Fig flei This figuic it pi (sen s \ dun on i rock found ition with in upstream 
w iter depth of /ij ind i tiilwater depth of h± ConMdci the bisc is slightly 




Fie b l plift pifssun intensity diigiima 

r use d front the found ition iiemnltuia How irotn the upper to the lower pool 
\sMirnmg llnl (lie width of mik is unifoim th it the flow conforms to the 
hws governing flow in pipes ind neglecting lo^s it cntunee the piessure 
intensity or pitzomctnc pressure ronespouding to the hydiuihe gruhent will 
ditnuush umfoiiTih from i ij\^ if ]K)int 2, is nprfsintrd b\ line 2 S to 
uJi A it point 1 is n pic sente d by line IrA 
Suppose tint witlimii low ding the dun the crack is roniplcteh closed it 
Ixnnl 2 thus stopping the How The pic7ometiu pressuie ncro Ik comes ton 
st nit i* shown by line b-5 ind cciuil to wj\{ 

If the cIomitc it point 2 is only putiihy effcctiyc the piessure intensity 
it point 2 is ic pie-Mite d by the line 2-7, or 

Pi u l hi -I- ft/ij - *01 [7] 

the pressuie intensity at inunt J is rrjneseuted by the lino 3 5, oi 

Pu ” w i^4 

md the fatal uplift pressure wluili is lepiesented by the pressure intensity 
dmgi ini 2 7 i i is gnen by the equation 

If « ■“ ”* Ml f 1^1 
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where p«" — the uplift pressure intensity at the upstream toe; 

pj =■ the uplift pressure intensity at the downstream toe; 

W u = the total uplift pressure; 

f = the uplift intensity factor—the proportion of net head not dim- 
pated by the cutoff; 

A = the area of the Iwise of the dam which, for a I-ft length of dam, is 
equal to the distance 2-3. 

The line of application of the total uplift force passes through the center of 
gravity of the pressuro-inton-ily diagram, 

Actually, the dam of Fig. (mi is not raised from its foundation, hut water is 
forced through the pores and cracks of the masonn and the foundation mati*- 
rials. Water flowing through Mich pores or cracks follows a similar law of 
decreasing pressures. 

For important high dam* on rock, a grout-curtain cutoff is frequently pro¬ 
vided near the upstream toe of the dam Mippleinentcd by drilled holes imme¬ 
diately downstream from the grout curtain, as indicated by Figs, lib and 19, 
to act as a drainage system. This drainage system Hipplcmcnts the grout 
curtain to reduce uplift. In Fig. (ib, the effect ol the drainage system is to 
reduce the presume intensity diagram from 2-7-5-3 to 2-7-9-5-3 In prac¬ 
tice the drainage holes arc near enough to the grout curtain so that the 
uplift diagram may Ik* assumed to be 2-4-0-5-3. Tr-ts on exiting tlams, 
with grout curtain and drainage, have indicated that value- or the uplift 
pressure intensity factor, t, lia\c not exceeded many showed values les- 
than la, and, with careful work, some have been close to zero. 

The claim has been made that, for dam- on rock, only a percentage of any 
horizontal area l- subjected to upliit pressures. However, this h.is not been 
proved to be true, unless the area considered is capable of resisting tensile 
^tresses. It is reconimended that ltKFf of the area be assumed a- subjected 
to uplift pressures corresponding to whatever piczoinetnc hydraulic gradient, 
line 7-5 in Fig. 6, is u-cd in the design. 

In the case of dams on rock which are not provided with a grouted ciilofT 
or drainage, the value of f would theoretically l»e unity anil the uplift pres¬ 
sure intensity diagram would correspond to the full hydraulic gradient IM 1 ** 
tween headwater ] ire-sure and tail water pressure. However, for low r and 
medium-height dams, uuth ma-sive rock foundations, standird practice does 
not require f to be unity. 

For a well-built concrete dam on a massive rock foundation it can be 
assumed that the foundation, the junction of the dam with the foundation, 
and the dam itself ran have u moderate tensile strength of ut least H5 io 
130 lb i»er sq in. This tensile strength is sufficient to support an uplift pres¬ 
sure of about 200 to 300 ft of ivater. In this respect, standard practice has 
tacitly admitted the reliability of tensile stresses adding to the stability of the 
dam, contrary to the provisions of Rule 1 of design given in Section 18. 
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Thus it would seem thal all dams on rock foundations and of heights above 
at>out 200 to 300 ft Hhould be provided with drainage both in the foundation 
and in the dam or f Hhould be assumed to be unity. 

A silt deposit which has a tightness equal to or greater than that of the 
foundation will reduce the total forces acting on the dam L2], because it 
causes a reduction in water pressure on the upstream face and the base, the 
effect of which is greater than the effect of the silt pressure itself. 

However, in dams on tight rock foundations, the silt must be asHiimed to lie 
much more permeable than the foundation, and its effect on upstream face 
water pressure and underpressure should lie neglected. 

For preliminary designs cm rock foundations, and without previous knowl¬ 
edge of what system of grout curtain and drainage will tic adopted, the fol¬ 
lowing values of { are recommended: 


Height 1 

Type of 

Grouting * 


of Dam 

Rock Foundation 

and Drainage 

f 

M(*dium 

Horizontally nt ratified 

"None 

1.00 

Medium 

FHir, horizontally stratifi«*d 

Yes 

0.67 

High 

Fair, horizontally hi ratified 

Yes 

0.75 

Medium 

Good, horizontally stratified 

Yes 

0.50 

High 

Good, horizontally stratified 

Yes 

0.67 

Medium 

Fair, massive 

None 

0.67 

Medium 

Fair, massive 

Yes 

0.50 

High 

Fair, massive 

Yen 

0.67 

Medium 

Good, massive 

None 

0.50 

Medium 

Good, massive 

Yes 

0.50 * 

High 

Good, massive 

Yes 

0.50 

“Minlmm” represents dams up to about 200 to 300 ft. "High’* n 

‘presents dams 


&1m>w about 200 to 300 ft. 

9 Assumed to Ik* first-cl&srt. 
1 A minimum limit. 


For dam- or earth foundations without a rut off or drain:.*.', Kq. 7b applies 
approximately, the actual upldt pressure hem* as indiratetl1 in Fi*. 7 of ( hap- 
ter 2f. the value of f bcnuc, of course, unity, and the full area of the Iwre 
Win* subjected to the hydrostatic pressure Figure 7 of Chapter 25 indicate^ 
mImi the hvdrostatie prudient Tor various depths of cutoffs in infinitely Ibn* 
I'lirih fmm.liitions without drain-. If the cutoff extends to im pen,ous mate¬ 
rials, the hydrostatic pressure wiU be prratly reduced, with a value of t equid 

Ed»™ Row [SI make. .ho MtadW 
dMemihmlion «f .ho lb™. .» >* ‘T" “ — JJ 

X. 7 2 .hm-. i. «ivm in «» o( *--».»*«» -• - ,h, ' kn "“’ *“ 1 
hilwS nutnunt. nir -,™p,ralurt Ain*» «l i* 

of r:.a d^ -— 



326 SOLID GRAVITY CONCRETE DAMS I Chap. 17] 

are bused on an assumed initial air temperature of -40“ F, and an initial ice 
temperature varying linear]}' from -40°F at the top surface to +32° F at 
bottom surface. Air temperatures are assumed to nac at the indicated rates 
until a temperature of +32° F is reached, then to remain constant at +32 fl F 
until the temjierature throughout the ice is about +32° F. 

The maximum rate of temperature rise can be obtained from meteorologi¬ 
cal records for the region. A sustained temperature rise for several hours at 
a rate approaching 5°F jmt hr might reasonabl} be exacted in almost any 
region of subzero winter temjieraturc. Rates approaching 15° F per hr are 



Fio. 7. Ire thrusts for the variable's, ire Ihickni'HH, air-teuipernture rise, and n- 
sliaint. (Edwin Rri^c, “Tin list EiXerled by Expanding Ire Hheel,” Pi nr A SC K , 

Muv 1940, p. 574.) 

not micoimnon where elnnonk w*inds occur, ah along the eastern slope of the 
Rockies and parts of the Pacific Northwest. 

The maximum thickness of ice sheet to lie expected ran be determined 
from historical (Lita for the region. Thicknesses in the United States seldom 
exceed 2 or 3 ft. 

The extent of restraint can be estimated by study of the topography and 
of the location and lype of structure involved. For example, if the bank or 
wall parallel to the axis of a straight tiain or hydraulic structure is steep, 
if the banks or walls on Ihr sides are also steep and sound, and if the ice is 
solidly frozen to the restraining edges, then restraint is complete or nearly so. 
Where the horizontal dimensions of ire sheet between the mtraining walls or 
banks are not large, conditions more favorable to higher pressure* may exist, 
owing to the likelihood of fewer cracks and continent tatter continuity and 
also to the greater stability against buckling than for large ice sheets. If the 
opposite bank or wall is steep but the banks oil the rides are sloping or un¬ 
stable, the condition of no lateral restraint is approached. If the edge of the 
iee sheet on all suit's is free to slide up sloping banks, then a condition of no 
restraint exists’, consequently, the pressure exerted against the struct lire is 
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minor. The curves for complete lateral restraint m Fig. 7 are based on the 
very severe condition of elastic restraint and, as such, represent the extreme 
pressures for the air-temi>crature change and thickness considered. After 
estimating the restraint conditions, design values can lie interpolated on Fig. 7 
for specifir values of temperature change and thickness. 

Figure 7 a indicates the condition for solar energy neglected. Direct ex¬ 
posure of the ice sheet to the sun’s rays result* in an additional ice-tempera¬ 
ture rise ami the transmission of increas'd thrust to the diun, as indicated 
in Fig. 7 b t for solar energy considered. If the upstream fare of the dam is in 
the shade so that the ice sheet is likely to be well frozen to the dam and if 
a similar condition exists around the shore near the dam, but if a consider¬ 
able area of the central part of the ire is exposed to the sun's radiation, then 
a condition probably exists favorable to the development of an increase in 
pressure against the dam as n result of solar energy alisorptinn. 

Where the dam is provided with an overflow spillway, the spillway crest is 
usually some distance below the maximum or design wutcr level. The max¬ 
imum water level occurs only at times of freshet, and a solidly frozen ire 
sheet at such time is improbable. It is u*»unl to assume that the worst ice 
condition will occur only with water at the spillway lip. 

Nothing is known of the action of ice during an earthquake, and its earth¬ 
quake effect is ignored. 

9. Earth and Silt Pressures, (a) Source. Concrete dams are sometimes 
subjected to earth procure* on either the downstream or upstream face, 
where the foundation trench is backfilled. Such pressures usually have n 
minor effect on the stability of the structure and may be ignored in design. 

Practically all streams transport silt, particularly during floods when the 
quantities may be enormous. Such material is deposited in the reservoirs or 
slack water above the dam and should be taken into consideration unless 
provision is made for its removal. Quite often, sluices are constructed in the 
lower part of the dam which, if jieriodirnlly flushed in the proper manner, 
limit the depth of such deposits adjacent to the dam. How ewer, the continued 
cqieratinn of Midi sluices may lie neglected. 

Pressures on tlie dam when the reservoir is full corrcsjiond to the effective 
pressure due to submerged silt. When the reseivoir is empty, they may be 
taken as due to saturated silt. 

(6) Theoretical Prntsurc. A widely umhI formula for silt pressure is tin* 
following one attributed to Rankinc: 


n-Jia 8 /l — sinj£\ 

2 \T + sin 4>) 


where P. = the total horizontal pressure in poundi¬ 
n’ = the w r eight of silt in jHiunds per cubic foot; 
hi = the depth of silt in feet; 

0 a the angle of internal friction of the material. 


IS] 
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The force P 8 ip assumed la l>e horizontal and located a distance 2/i a /3 
below the surface of the silt. This equation assumes a level fill, the usual 
condition for silt or water-borne detritus, and ignore** the friction lietween the 
silt and the wall. Experiments indicate that 0 is not changed materially by 
submergence; that silt pressure and water pressure exist coincidentally in a 
submerged fill 14J; and that the pressure exerted by the submerged silt, over 
and above water pressure, is reduced in the proportion that the weight of the 
silt is reduced by submergence. 

If the face against which the sill acts is inclined, the weight of the silt 
directly above the inclined face may In 1 included in the vertical forces acting 
on the dam. 

(r) Computation of Submerged Weight. The dry weight, w :i , can be esti¬ 
mated from samples of m! 1 depositb in neighboring reservoirs. The unit 
weight of submerged silt is 


IC4 = ir 8 — ir 2 f l — k) = (('a 



[So] 


where 1 C 4 = the submerged unit weight or silt in jMHinds jkt cubic foot; 
ir* = the unit dry weight in ixmiids j>er cubic find; 
k = the iiemmtagc, of voids, expressed us a decimal; 

X = the specific gravity of the. solid particles. 


id) Computation of Saturated Weight . The unit weight of saturated silt is 


V'6 


ici + kit't = ip* 4 ir 3 



m 


(e) Values of ('onxttuits. Values commonly used for the constants in the fore- 
going e.(illations are as follows : 

ir* = dry weight = 1(H) lb jn*r cu ft; 
k = voids = 40%; 

X =■ s|HM*ific gravity = 2.07. 

Experimental values for the angle of friction, 0 , are scarce. Where silt 
pressure is of primary importance in the design of a dam, a special study in¬ 
cluding experimental work may Ik* required. For simple conditions, where silt, 
pressures require consideration but are not so important as to demand great 
accuracy, the value of 0 may be taken as about 30 degrees. 

10. Wave Heights. The upper portions of dams are subject to the wave 
action. The dimensions of waves dejiend on the extent of the water surface 
and the velocity of the wind, among other factors. 

Knowledge of wave heights is important if overt opping by waves is to be 
avoided. Formulas for w p ave heights proposed by Stevenson have }>een widely 
used. Molitor |5] proposes mollifications of the Stevenson formulas to include 
the wind velocity, as follows: 
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K - 0. \7x/VF + 2.5 - [9] 

where h w ** the height of the wave from trough to er©ht, in feet; 

V *=* the wind velocity in miles per hour; 

F = the “fetch” or straight length of water, in statute miles, subject 
to wind action. 


For F greater than 20 mi, this equation may lie simplified thus: 

= 0.17-v/Tt [10] 

Equation 9 giveh u wave height of 2.5 ft when the wind velocity is zero, winch 
is not correct. 

Hie authors promise the following equation, which, though more rational in 
this respect tlum Eq. 9, gives practically identical results. 

J ?0 37 J'O JR 


It is assumed that the wave Avil I rule up a vertical slope or a smooth in- 
elmed face a vertical distance above still winter equal to 1 On rough 

liielnied fare*, such as dunq>cd rock riprap on earth dams, the nde up will be 
less, and a value of Inis been used. 

The increased height of water suriace, due lo wuvo-, is not included in the 
forces acting on tlic dam. 

11. Tides, Setup, and Seiches. Tide movements are impereeptible in 
inland waters, the maximum for the Great Lakes tiemg les*- than i in. ffi]. 
However, an appreciable piling up of waiter on one shore of a lake or reservoir 
liny lie caused by wind action, particularly in shallow' wider. The height of 
rise above the undisturbed lake level is called "setup." For deep water and 
-.mall areas, this effect is small and may be considered included in the free¬ 
board allowance. For long, shallow reservoir* a special study may be re¬ 
quired. The Zuider Zee formula |7| is the liest available meanH of estimat¬ 
ing setup. It is as follows: 


S 


V 2 F 

MOOT) ‘‘° K ‘ 


[ 12 | 


where S — the setup in feet above still jwiol le\ol, 

V = the wind velocity in miles i>er hour; 

F = the fetch in miles; 

D — the average depth of w f atcr in feet; 

,4 = flip angle of wind and fetch. 

The setup should always be added to the estimated elevation of flood water 
surface 

Periodic undulations, called seiches, also occur. Seiches may be set in 
motion by iniennittent w'liul action, variation" in atmospheric pressures, 
earthquakes, or irregular inflow or outflow. They coinc and go at regular 
periods that may vary from a few minutes to several hours. After the gen- 
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erating influence is removed, the oscillations gradually Kilbride. Amplitudes 
of 0.5 ft or morn ran readily orcur in reservoirs of moderate size, but no 
information is available for computing their magnitude. The factor of safety 
used in computing freeboard should lie sufficient to cover ])osrih]p seiches. 

12. The Weight of the Dam. Const ruction of any important concrete 
dam involves a careful analysis of available concrete materials, that should 
l>c based on an adequate treatise oil concrete. Such an analysis includes data 
on weights. It is frequently necessary to proceed with designs, at least in a 
preliminary manner, lief ore a complete concrete analysis is available. 

In the absence of exact information, 150 lb per ru ft fur the design weight 
of concrete will be found to conform to modern practice. 

13. The Weight of the Foundation. Dams have sometimes lieen tied 
down to the rock foundation in order to increase their resistance to over¬ 
turning, sliding, or both. Steel bars or cables are grouted into holes bored 
in the rock and extended into (he dam near the upstream face. Thi* practice 
has lieen criticized on the ground that a satisfactory anchorage of the bars 
in the foundation is seldom possible. 

14. Earthquake Forces. (a) General Statement. Tn regions where 
earthquakes occur, dams must resist the inertia effects caused by the sudden 
movements of the earth’s crust. If the foundation under a da in moves, the 
dam must move with it, if rupture is to he avoided. To pTodure such motion, 
forces to overcome the inertia of the structure and its loading must l>e applied 
through the medium of stresses in the dam and its Foundation. The magni¬ 
tude of such stresses is determined primarily by the intensity of the earth¬ 
quake and by the effect of the earthquake on the mass of the structure and 
its loading. The effect of resonance, which would Ik* considered in a stress 
analysis of the earthquake effect in buildings, towers, etc., is almost invariably 
ignored for dams. 

Dams have a very favorable record in resisting earthquake shocks. Never¬ 
theless, it must be true that earthquake Forres reduce the factor of safety, 
and conservatism demands Iheir full consideration in seismicallv active re¬ 
gions. There are few if any regions where small earthquake disturbances 
certainly can be said to be improbable. 

Earthquake forces, of course, must be combined with other forces acting on 
the dam. Because of their short duration and infrequent occurrence, some 
concession in factor of safety is permissible for the assumption of maximum 
earthquake and the most adverse* combination of other conditio is. For open- 
spilhvay dams, earthquake and maximum flood frequently are not assumed 
to occur siinultaneously. 

(5) Intensity . The intensity of the inertia force depends on the acceleration, 
i.e., on the rate of change in the velocity of motion. This acceleration, a, is 
usually designated by its ratio to y , the acceleration of gravity, or a — ag. 

Most dams in seismioally active regions of the United States have lieen 
designed for an acceleration of one-tenth gravity, or a = 0.]^. The values of 
a =- 0.1 for alluvial valleys and 0.05 for dense ruck may lie considered tentatively 



EARTHQUAKE FORCES 331 

standard for dams in seismically active regions. For Hites close to known active 
faults, larger values should 1)6 adopted. In favoiable locations, values 

can be justified. The designer should carefully study local conditions 
particularly the seismographical history of the region. For important struc¬ 
tures, an investigation should be mode by u comj>etent geologist. 

(c) inertia of Mwtonry. The force required to accelerate a given mass, such 
as the iKidy of a dam, is found from the equation 

P, = Ma - ^ - aW [13] 

where P, — the horizontal earthquake force; 

M = the muss of the (lain, or any jmrtion of it under consideration; 
a ■ the earthquake acceleration; 
a = the ratio of a to g\ 

W = the weight of the dam or block. 

The horizontal force, P M mav lio assumed acting through the center of 
gravity of the dam or block—m a downstream direction lor a full reservoir, 
and in an upstream direction for an empty ieservoir. 

1 



(*/) Increased IFafer P?ev>urc The inertia of Ihe wider in the reservoir 
also produces a ioice on the dam, (In' determination of which is complicated. 
This problem was admirably treated by Westergaard [8] 

The increased wafer pressure cmw‘d bv the earthquake on a vertical face 
can be represented by a diagram of the fmtn 3-4-5-2 in Fig. 8 The true 
equation of the curve 3-4-5 is complex, but an ellipse or parabola cun be 
assumed without appreciable error A parabola is simpler to use and gives 
valuer on the ndc of safety. 

The resulting equation for this eaifhquake force at any depth, y , is 

p, (\ah%y [13a] 

and, for the total force on the dam, is 


[14] 


332 SOLID GRAVITY CONCRETE DAMS IOhac. 171 

where p, — the additional unit water pressure; 

P r = the additional total water pressure; 
a = the ratio of the earthquake acceleration to g\ 

C r = a factor depending on physical conditions, principally the height 
of the dam and the earthquake period; 

hi = the depth of water on the dam. 

This force is located a distance x = above the base of the (lain, and its 
moment about jHunt 2 is 

P,x - k \C,ahf 115] 

For preliminary studies, the value of C r may bo taken as 52 for dams up to 
200 ft in height; but, for dams between 2tX) and 500 it high, larger values |.Hl 
to about 01 should be used. 

The authors are not aware of any exact determination of the force caused 
by the effect of au earthquake ou the water for spillway dams during flood. 
The fact that the water above the crest is not restrained probably reduces 
somewhat the earthquake force below the 1 crest. It will be conservative to 
assume that the total force and moment for such cases is the following per¬ 
centage of the force indicated for non-overflow dams, h x and h 2 being as 
shown in Fig. 3. 
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Equations 14 and 15 consider the masonry face to be essentially vertical 
and normal to the direction of earthquake motion. This is the eonditinii 
usually assumed for straight solid gravity dams. 

If the upstream face is inclined, as in hollow gravity dams, the most un¬ 
favorable direction of the earthquake mol ion can be considered normal to tlic 
inclined face, ruder this condition, the pressure on the inclined face can lie 
resolved into horizontal and vertical components as follows: 

Horizontal component (same as for vertical face) 


Pr = KVrAa 2 [Ml 

/V = rVW 11*1 

P t — \CfOLhf tun 0 [Mfil 

PrX = 2 VfOthi* tan 2 0 [lfwil 


Vertical component 
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where 0 = the angle of inclination of the water face of the flam with the 
vertical. 

(r) Inert in of Ice and Silt . Nothing id known of the effect of earthquake 
movements on icc and silt pressures. The authors are not aware that the 
effect of earthquake on iee has ever been considered in the design of dams. 
As ihe earthquake period is very small indeed, the presence of the silt would 
prevent the sudden admission of full headwater pressure and, as mentioned 
in Section 18, its deleterious effect to any part of the foundation subject to 
tension. In fact, it, is probable that a partial or full vacuum would l>e induced 
under such circumstances, increasing the stability of the dam. It is the belief 
of the authors that the effect would more than balance any increased silt pres¬ 
sure due to earthquake movement, and thus the effect of earthquake on silt 
de]Kisits may be ignored. 

(/) Movements on Faults. A dam built across a fault on whieh slippage 
orcurs may lie subjected to an immeasurable force, and disruption can 1m? 
avoided only by providing sufficient flexibility to absorb the motion without 
damage. I)mn foundations crossed by active faults should lx 1 avoided. Fault 
liuncincut is not necessarily confined to llip fault on which the earthquake 
originates, but secondary movements may occur on any active fault in the 
disturbed area. It is not possible to insure that any prominent fault, although 
apparently dead, limy not lie subjected to some movement during an earth¬ 
quake; however, secondary fractures, bearing no evidence of movement in 
remit geologic times, involve little danger. Slight movements arc not neces¬ 
sarily disastrous. 

15. Vertical Reaction of the Foundation, frr) Static acquirements. 
In Fig. 0, let 2IF be the resultant of all vertical force* acting on the dam 
abo\e the foundation and 2P the refill ant of all horizontal forces * The 
militant, R , of 2TF and S/ J will represent then Ihe mull ant of all forces. 

For the dam to lie in static equilibrium, the resultant, /f, must lie balanced 
by an equal and opposite reaction of the foundation, consisting of the total 
vertical reaction equal to 2ir anil the total horizontal shear or friction 
equal to 2/\ 

(6) Effects of Elasticity. Both the dam and the foundation are elastic. 
The exact effect of such elasticity on the distribution of the foundation stress 
is not known. A straight-line distribution, as J-4-n3-2 in Fig. 9, is universal 
practice for dam profiles of the usual form. 

(r.) Equations for Distribution of Vertical Foundation Reaction . If the 
theory of linear distribution is accepted, the unit vertical foundation pressures 
at any point can be computed from simple rules of mechanics. Let 1-2 of 
Fig. U represent the base' of an elemental slice of a loaded dam, the center of 

* 2TI 7 and 2/' here represent a general condition and may be applied to oil her 
full or empty reservoirs. 
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gravity of the area of the* base l>cing at point 5. Momenta of all forrea are 
taken about borne arbitrary jioint of origin 7. Let 


Wj, Wi, etr. = the component parts of the total vertical force, XW } including 
uplift but excluding foundation reaction; 

Pi, I\ etc. = the component juirts of the totul horizontal force, S P\ 

R = the resultant of forces Dir and DP; 
x = the lever arm of any force about the origin at 7; 
y = the distance of the origin, 7, from the upstream edge of base, 1 ; 
z = the distance from the origin, 7, to the }>oiiit of intersection, 0, 
of the resultant, R , with the base; 

XMu and DAf p * respectively, the summation of momenta Wix, etc. and Pijr, 
etc. about the origin 7; 

e = the eccentricity of loading, or the distance from the center 
of gravity of the base, 5, to the point of intersection, 0, of 
the resultant, R, w ith the base; 

m r and m" = respectively, the distance from the center of gravity of the 
base to the downstream and upstream ends of the base; 

Pr = the unit vertical foundation pressure at the downstream toe 
of the base; 

p r " = the unit vertical foundation pressure at the upstream toe 
of the liase; 

A = the areu oJ the base of the dam, 1 2; 

I = the moment of inerlia of the base alxmt its center of gravity. 

Then 


XM U -I- XM P 
*" Dir 


ii «j 


e = z - (i/ + m") 


Pr 



117| 

m 


sir csn> „ 

— — m 

A 1 


[H>l 


The foregoing equations apply to the case of a full reservoir. Foi an 
empty reservoir the result ant, R, would intersect the base *o the left of 
point 5, in Fig. 9, giving a negative value of e and thus altering Eq. 18 and 
10 accordingly. 

Equations IS and 19 are general and arc indcjiciidciit of the shape of the 
base of the elemental slice of (lain being analyzed. They apply equally to the 
rectangular base of a foot-thick slice of a straight gravity dam, the taj'ieruig 
liasc of a slice lielween radial planes of a curved dam, or the irregiilur base 
of the buttress of a hollow dam. 

For a foot-thick slice from a straight gravity clam, certain simplifications 
are iiossible. For such a slice, the base is a rectangle of 1-ft width and of length 
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Flc. 9 Fir meats of foundation-prcssm e disiiibution eqimlnms 


l The centei of gr,mt\ is at the midpoint, and m f m" 0 5/ 
l /V12, md 1 “ I {substituting these \ dues m Fcjs IS and 19 gives 
Foi resen on full—rectangular base 

Also, 


'T) 

[20] 

-"-TO 

'-r> 

[21] 

bur reservoir empty—lectangulti bane 



>.--to 

■-*) 

[20a] 

-’-TO 

T) 

[21a] 


In Fig 9, tlie total vertical foundation reaction, Sir, lor a full reservoir is 
ippiescntccl bv the ti jpeaoid 1 4 3-2 

(tf) i phft and Foundation Riactions Condoned Where uplift exists the total 
^eitual reaction on the base of the dam is assumed to lie divided into tuo purts, 
as lllustraled in Fig 10 The total reaction diagram I-5-0-2 is divided into 
uplift 3 4 5 0 and net foundation reaction , 1-2-3-4 As uplift is included 
in 5 W and 2M Uf p/ (Eq IS) is represented by 2-3 and p r " (Eq 10) l»y 1 4. 
Total vertical unit reaction* can Ik 1 found thus 
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Pv = Vx + pJ [22] 

P," = P," -h Pm" 123] 

where symbols are as used in Fig. JO. Assuming (hat the uplift is distributed 
in accordance with line 7-5 of Fig. ti as discussed in Section 7, the uplift 
terms can be computed from Eqs. 7 and 7 a of that section. 

The total vertical unit reactions, p r * and p,", do not correspond to the 
greater actual, or inclined, stresses, p{ and in the dam and foundation, 
as indicated in Section 20. 



Fio. 10. Cmubined uplift and foundation pressures. 


(c) Requirement* for Mobility. It is a general rule that dams of masonry 
or unreinforced concrete shall be free from leiihile **tr esses. This requires that 
neither p/ nor p/, Fig. 10, shall l>e negative. 

It is also necessary to limit compressive stresses within the masonry and on 
the bases of high dams. These stresses are determined from the total vertical 
unit, reactions, p r ' and p,”. It is probable that the water pressure against 
fully submerged rock or masonry is not injurious; hence, if uplift could be 
depended on always to act to its full assumed extent, stresses at the corners 
of solid gravity dams might lie computed fioin p r ' and p r *. However, uplift 
is uncertain. It must be allowed for l localise it way exist, but its existence 
is never assured. Water under pressure may require years to jicnetrnto to 
all parts of a carefully constructed (lain. Tin* dam must be sale either with 
or without uplift. Consequently, stresses must always be computed on the 
basis of ;j,/ and p,,", values of which can be determined from Eqs. 22 and 23, 
or they can be computed directly from Eqs. 18 and ID by omitting uplift 
from the forces used in the computation. 

(/) Law of the Middle Third. If the value of e in Eq. 20 is greater than 
1/ 0, p/ is negative, i.e., tension. Similarly, p r ' Incomes negative for e greater 
than //0 in Eq. 20a. 
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If tension in not to be permitted, it follow* that for a rectangular base the 
distance from the center of the liase to tlio point at which the line of action of 
the resultant, R, cuts the twine cannot exceed one-sixth of the base length. 

This limitation leads to the well-known law' of the middle third, which re¬ 
quires that for a dam slice with a rectangular base the resultant for all condi¬ 
tions of loading shall fall within the middle third of the base. 

This law is merely a means of insuring that neither p/ nor p r * is negative 
under the usual simple conditions of a solid dum with a rectangular base. If e 
is numerically equal to exactly one-sixth of /, either p/ or p" will be zero, 
depending on the sign of e , and the other will l>e equal to twiee the average 
pressure. 

16. Horizontal Foundation Reactions. Many of the loads on the dam 
are horizontal or have horizontal ccmqioiienlH, which must he resisted by 
frirtional or shearing forces along joints in the dam or the foundation. 
Formerly the general practice was to consider sliding alone, on the theory 
that the bonding of construction joints is lint dependable; the distribution of 
frictional forces was not considered, then, but only the total force. Inas¬ 
much as no masonry dam founded on ledge rock over slid on its base until it 
had "beared through :i portion of its foundation or masonry, and usually a 
substantial portion, it has become common praclice to refer to the shear 
strength or shear resistance of the dam foundation In gravity dams, 
allowance for shea ring strength can lie made in accordance with Eq. 28. 

f\ RRQi T mi:MENTS yon Stability 

17. Causes of Failure. There are two direct wavs in which a gravity 
dam may fail: 

1. liv hliding (fl) on a horizontal or nearly horizontal joint above the foun¬ 
dation, (ft) on the foundation, or (r) on a horizontal or nearly horizontal 
seam in the fount lotion. 

2. Hv overturning on a horizontal joint (a) within the dam, (ft) at the base, 
or (r) at a plane below the base. 

The direct cause of sliding is the presence of horizontal forces greater than 
the combined shearing resistance of the joint or base anil the static friction 
induced by the veitical forces. 

The direct cause of pure overturning, not preceded by some other tyjie of 
failure, if tension is ignored, is the presence ol horizontal forces great enough 
in comparison with the vertical force* to caiw the resultant of all forces act¬ 
ing on the dam above any horizontal plane, including uplift, to pass outside 
the hunts of the dam. 

As the resultant approaches the face, the compressive stresses increase 
rapidly; hence, overturning would lie preceded and accelerated by a compres¬ 
sion failure. In fact, a dam with the resultant well inside the joint may over¬ 
turn if the toe of the dam fails by crushing or otherwise so ns to reduce the 
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effective length of the joint or base sufficiently to cause the resultant to pass 
outside. 

A dam may start to overturn lmt finally fail by sliding. If the rcHultunt 
passes appreciably outside the middle third (or kern, if the base is of irregular 
form), a horizontal tension crack may occur, which reduces the shearing 
strength of the joint or base. Also, the admu^ion of headwater pressure to 
the fissure increases the uplift, reducing the net reaction and the frictional 
resistance to horizontal motion. Sliding muv result. 

In horizontally stratified foundations, sliding failure is more likely to occur 
along a horizontal joint just below the base (ban at the base. 

18. Rule 1. Location of the Resultant. Section 15 showed that ten¬ 
sile stresses are set up when the resultant falls outside the middle third, for a 
rectangular base, or when either j) r f or p", as determined by Eq. 18 or 1!), 
is negative. If the joint is incapable of resisting these tensile stresses, the 
elasticity of the masonry will cause a slight opening of the joint. Such an 
opening is particularly objectionable at the upstream side when the pond is 
full, as it may ndinit full headwater pressure over the entire area not in com¬ 
pression, a condition considerably more severe than usually Assumed for up¬ 
lift. This additional uplift would result in a movement of the resultant toward 
the toe of the joint, with a further opening of the joint in tension and a fur¬ 
ther increase in uplift. The progression nun be sufficient to cause failure. 

Tension at the downstream face can occur only when the reservoir is empty. 
It is customary to jirohibit such Icumoii. The logic of this requirement is 
open to question, as it is difficult to imagine a dam of the usual hpe over¬ 
turning upstream belore the water is let into the pond Tension over as 
much as 10% of the joint, with the reservoir empty, does not necessarily 
mean bad design. Howe\er, because specifications and codes for the design 
of dams usually prohibit such tension, the first designing rule ran now be 
written thus: 

RULE U GOVERNING THE LOCATION OF THE RESCLTANT: 

Tension /shall not ejrisi in any joint of the dam, under any condition of load¬ 
ing. For dams with rectangular joints, thin requirement is met if the resultant 
of all forces , including uplift , acting on the dam above any horizontal joint , 
for full or empty reservoir , intersects the joint within the middle third. For 
irregular joints , neither p t ", reservoir full , nor p/, reservoir empty (Eqs. IS 
and IQ), shall be tension. (See also Rule 4 and following 'xceptinns to 
Rule 1.) 

There are two exceptions to this rule. The first is the tnril admission of 
the existence of tensile strength lietwren the (lain and good foundations as 
indicated in Section 7. The second is the unavoidable presence of tensile 
stresses at the crest of spillway dams as indicated in Section .37. 

10. Rule 2. Resistance to Sliding, (a) Friction Only. The resultant, 
s P, of all the horizontal forces acting on the dam above any horizontal 
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joint has a tendency to slide that part of the d.'iin over the lower part. Th e 
planes of weakness are the necessary horizontal construction joints, including 
the joint at the base, and horizontal bedding planes in the foundation below 
the base. The shearing and frictional resistance must be sufficient to with¬ 
stand the tendency to slide. 

If ¥ represents the coefficient of static friction of the materials above and 
Mow the plane, then / # 2JV will be the frictional resistance to sliding. 

For equilibrium, neglecting shear f'ZW must he equal to or greater than 
2/*. This may be exproswd thus: 

JVW = >27' [24] 

or 

XP 

xw " Uuie “ < f ' 1251 

where 6 is the angle lietween the vertical and the resultant. This leads to 

RULE 2a. RESISTANCE TO SLIDING , SHEAR NEGLECTED: 

The tangent of (9, the angle bet tree n the vertical and the resultant of all 
forces. including upilft , acting mi the dam above any horizontal plane , shall be 
less than the allowable coefficient of friction at that plane. 

In c« refull v const meted flams on rock foundations with particular atten¬ 
tion paid to obtaining rough surfaces ni the base anil at construction joints, 
the coefficient, /*, is usually considered to Is* at least twice as groat as indi¬ 
cated by evj»erinionts cm well-dressed ^ppcimens of the same materials. 
Therefore, if tan (9 in made equal to or le^ than the coefficient of friction, as 
indicated bv such tc^ts, a factor of safety in thi** reflect of at least 2 will be 
provided, and the neglect of the adhesion or ^hearing resistance at the joints 
and foundation will serve to increase fuither the factor of safety. Therefore, 
for hon/oulal joints and rock foundations, and neglecting shear, Eq. 25 can 
lie modified tor safe design thus: 

= tan 0 - < / [20] 

where / is the eoofficiem or friction of the materials on each aide of the joint 
or at the base, us indicated by tests on woll-dresHod specimens of the same 
materials. 

Values of f for masonry on masonry and masonry on good rock foundations 
have? been assumed variously between 0.0 and 0.75. In general, and for careful 
work, a value of 0.75 is not excessive. Proper allowance, however, should 
always lie made where the rock foundation is poor, or where it contains 
nearly horizontal seams rinse to the finished surface uf the foundation. Such 
hoams are particularly dangerous if (hey contain clay or other unstable ma¬ 
terial. The allowance to Ik* made will depend on the character of the seam 
and its contents, its inclination, and the ability of the rock al>ove the seam 
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to resist movement. Rock otherwise satisfactory may have to Iks removed 
in order to eliminate an objectionable seam below it. 

A method sometimes used to improve resistance to sliding on horizontally 
stratified foundations is shown in Fig. 11. 

The resultant, R, makes an angle o with the vertical. If tan 0 is larger 
than /, the foundation is excavated to the plane 3-2. The resultant, R\ 
which includes water pressure above point 3 and the weight of concrete 
1-2-3, makes a smaller angle, 0, with the normal to the sliding plane 3-2. 



Moreover, the allowed coeflinenl of Irietum on th> which is in¬ 

clined to the bedding planes, may be greater. 

An alternative sometimes used in such ease** i* to flatten the upstream 
face of the dam; i.e., increase 0 " and x (Fig. 15 ), thus increasing the vertical 
component of water pressure to increase the weight of the dam. 

On earth foundations, a lurge factor of safety should In* provided because 
of the danger of sliding on plane* Mow the foundation surface. Artificial 
l>ond and increase in the coefficient of friction obviously are ineffective. 
Equation 26, therefore, should be rew T ritton for earth foundations thus: 


2W 


= tan0 


/ 

S f 


[27] 


where S f is the factor of safety desired. 

For masonry dams on gravel, sand, and clay, approximate values of / are 
0.50, 0.40, and 0.30, respectively, but test* on the material should lie marie. 
In conservative designs the dam is usually anchored to deep cutoff walls or 
piles, or a factor of safely of 3 or more is adopted. The weight of the apron, 
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which is an adjunct of every spillway dam on eurth, wil] assist materially in 
reducing the tendency tn slide. 

(6) Combined Shear anti Friction. The factor of safety introduced by the 
ncglecl of shear under Rule 2a is unknown and variable. Total horizontal 
and vertical force* vary (at leant approximately) as the square of the height 
of the darn, while shear resistance vanes os the first power of the height. 
Consequently relative safety decreases with increasing height. With increas¬ 
ing heights of structures and improvements iu construction operations, it is 
now permissible to include a definite allowance for shear. This subject was 
discussed in considerable detail by 1 fenny in 1933. 

In considering horizontal joints, I he force required to slide the dam, with¬ 
out shear, is added to the forre required to shear it, without frictional resist¬ 
ance, anil this sum is divided by the toliil horizontal haul to get a factor of 
safety not lower than a specified minimum. This lends to 

RI LE 2b, RESISTANCE TO SLIDING. SHEAR IN‘'LVDED: 

The total factional resistance to sliding on any joint f plus the ultimate 
sin tinny strength of the joint , must excetd by a safe margin the total hon - 
sontul force above the joint for all conditions of loading. 

This relationship may be stated algebvairally thus: 


SP = < 


JPW + rtyi 
“ Anf 


m 


where s a is the unit shearing strength ot the material, S n / i*i the shear-friction 
factor of safety, A is the area of the joint or lwiso, r is the ratio of the average 
to the maximum shearing *tress on the joint, and other symliols arc as defined 
under Eqs. 21, 25, and 20. The friction factor, /, is that for vi ell-drafted 
Bjiecimeiih. 

The value of r can be assumed as 0.5 for preliminary investigations. 

The value of « a can lie determined by test il published data fur the material 
involved are not available. It is necessary to know the shear strength of both 
the foundation and the masonry, the smaller value Ix'ing used. 

Values of 6 a from 600 to 1400 II) jiei sq in. cun l>c used fur construction joints 
in concrete and good rock foundations. However, s a lor i>oor rock may be 
much lower, and the dej>en<lflbility of shearing strength, if any, in horizontal 
bedding plunes of some foundations is very problematical. 

The value usually adopted for is 5. 

20. Rule 3. Compressive Stresses. Equations for the derivation of 
the vertical compies-ive stresses on the base* and horizontal joints have been 
derived m Section 15. The maximum veitieal compressive stresses are not 
I he maximum strc-scs that occur in the structure. The maximum Ktr( k sscb 
are found at the ends of joints, on inclined planes, noimal to the face of the 

dam. 
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These maximum inclined stresses are approximately determined by the 
following equations: 

At the downstream face, 

= Pr + tan* 0'(p/ - Ph') [29] 

At the upstream face, 

Pi" = p.” + tan* *"(p " - />„") [30| 

where </>' and <t>" = respectively, the angle with the vertical of the downstream 
face and the upstream face of the dam; 
p/ and 71 /' = respectively, the total unit vertical reaction at the down¬ 
stream toe and the upstream toe of the dam, as determined 
by Eqs. 22 and 23; 

Pn ami p H ” = respectively, the external normal unit pressure due to water 
and silt on the downstream face and the uimtream face of 
the dam. 

RULE .1, GOVERNING COMPRESSIVE STRESSES: 

The unit inclined compressive atresaet* in the dam and the foundation shall 
not exceed certain prescribed values. 

Crushing strengths of concrete up to 4(X)0 lb per sq in. (570,000 lb per 
sq ft) in 28 days are obtainable, but UMial limits for connote used for grav¬ 
ity dams are from 2000 to .’MX) lb per sq m. in 2 S days* The ultimate 
long-time strengths run higher, depending on the hind of cement used and 
other conditions. A working stress of one-sixth of the 2 S-day strength may 
be considered conservative for gravity clams. Approximately 110,OCX) lb 
including earthquake forces, and 78,000 lb excluding earthquake forces, were 
allowed in the Grand Coulee and Shasta Dams. Allowable stress in but¬ 
tressed dams is discussed in Chapter 19. 

The strength of the foundations on which dams may l»e founded varies 
from rock that is much stronger than eonerete, through all stages of decom¬ 
posed and disintegrated rock, which may be very weak, poorly cemented, or 
lightly consolidated sedimentary rock, down to gravel, silt, and rlay deposits. 
Technical details of tests to determine the strength of rock and soils arc 
lieyond the scope of this book. 

An entire ruck foundation in never unbroken. Fractures are elements of 
weakness even though consolidated by grouting, the effects if which are 
difficult to determine. The testing of a rock foundation as a. whole is imprac¬ 
ticable, and tests on small areas are of no value. Therefore, laboratory tests 
on samples of the rock must l>c supplemented by mature judgment in non* 
sidering the foundation as a whole. Permeability, solubility, and settlement 
also should receive attention. 

The I wiring strength of foundation materials is quite variable. Except for 
low dams on obviously strong rock and very low dams on obviously strong 

* Standard test for low-heat cement requires a longer period than 28 days. 
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Hand or sravel, the hearing strength should l»e carefully investigated by field 
and laboratory tests. The use of building code or handbook values for foun¬ 
dation strength should be discouraged in imjMirtant structures. 

In a foundation consisting of a single solid rock mass, free from any kind 
of jointing that could relieve lateral pressures caused by lateral expansion 
under vertieal haul, the bearing strength is no doubt considerably in excess 
of the lalxirntory strength, and it may be permissible under favorable cir¬ 
cumstances to iicmiil the working stress to approach the laboratory break¬ 
ing strength. This should l>e done, however, only under the advice of experi¬ 
enced experts. 

For a foundation of good, compact, but jointed rock, the conservative 
designer usually will rounder that the ultimate strength of the rock "en 
masse” is not appreciably greater than the breaking strength of laboratory 
samples, and will apply a safety factor of 4 to 7 in selecting an allowable 
working stress. Specimens selected for testing should be representative ,md 
should not consist entirely of either the best or the poorest materials. Allow¬ 
ance must be made for the fact that joint planes must lie excluded from 
laboratory samples. 

Whether the maximum pressure in the foundation is equal to the inclined 
pressure in the (lain at the base or to the vertical pressure only is frequently 
the subject of debate. Undoubtedly, stress conditions change rapidly in the 
rock beneath the toe, but it seems l.ttional and on the •ode of safety to assume 
that the maximum stress in the ruck in immediate contact with the base of 
the dam equals the inclined toe stress in the dam. 

It is sometimes necessary to build masonry dams on foundations other 
than rork. The licaring and shearing strengths of such materials are variable. 
Usually the dams are low, and provision against underflow and sliding results 
in a width of base ample for hearing strength. Building codes may be used 
as a rough guide 1 to bearing values in such eases. The New York Building 
Code allows the following fur buildings: 

Ld non Nq Ft 


Gravel 12.000 

Unarm 1 sand 8,000 

Firm clay 4.000 

Soft clay 2,000 


If an important masonry structure involving large forces, or any structure 
impounding much water, is founded on material other than rock, a careful 
investigation should lie made by an export in soil mnrliunics. It i« not pos¬ 
sible to write a simple specification for such an investigation. Foundation 
materials having a dry weight of less than 100 lb i ht eu ft should be looked 
on with grave suspicion. Such loose foundation materials generally should 
bo removed. 

Piling ordinarily is undesirable for the support of (lams on soft foundations 
and should lie avoided or used with extreme care. The weight of the structure 
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being supported on the piles, the foundation materials may remain, become 
soft and porous, or settle entirely away from contact with the base, with 
consequent danger of underflow or piping. Dams founded on piles should be 
provided with ample cutoffs, upstream aprons, drains, or other suitable means 
of controlling percolation uiul piping. Means for accomplishing these pur¬ 
poses are discussed in Chapter 25. 

21. Rule 4. Tension on Interior Planes. Tension in any horizontal 
plane is undesirable, as indicated in Section 18. As a matter of fact, it is 
common practice with two exception-*, which are indicated in Seel ion 18, to 
prohibit tension in any part of the structure. 

RULE 4, GOVERNING INTERNAL TENSION: 

The dam shill be designed and constructed in such a manner as to avoid 
or provide adequately for tension on horizontal, inclined, or vertical interior 
planes . (See exceptions previously noted.) 

Positive values of p/ or p r ", as determined by Eqs. 18 and 10, insure no 
tension in horizontal planes. For dams tentatively designed by the '‘single- 
step” method subsequently advocated for preluninarj' studies, and with the 
usual assumptions of uplift, tension in inclined and vertical planes may he 
assumed as nonexistent. Possible tension in interior planes, around voids, 
etc., is subject 1o local treatment. 

22. Rule 5. Margin of Safety. All design factors contributing to the 
permanent safetv of a dam should lie chosen with care and should be con¬ 
servative. A careful estimate of the weight of the dam should not vary more 
than 1 or 2% from the actual weight, and the* weight and pressure of the 
water are closely known. The maximum depth of water should include 
lilieral allowance for the highest possible flood, and waves and seiches should 
be provided for if required, in order that Ihe assumed water load surely shall 
not 1 k» exceeded. Allowances for uplift, earthquake forces, silt, and ice 
pressures lims't be adequate. The a ruined safe sliding factor, foundation 
strength, and concrete or masonry strength must be conservative. If all 
these factors an 1 carefully chosen, the dam, if properly designed anil con¬ 
structed, will be safe. If the foundation is rock, there is' an additional ele¬ 
ment of safety because of the* adhesion of the concrete to the foundation. To 
this featme alone can be attributed the continued existence of a nuink'r of 
jioorly designed dams. These considerations lead to 

RULE J, GOVERNING THE MARGIN OF SAFETY: 

All assumptions of forces acting on the dam shall be unquestionably jw the 
safe side; all unit stresses adopted in design shall provide an ample margin 
against rupture; nnd the adopted safe sliding factor or shear-friciion safety 
factor shall be conservative. 

The term "factor of safety” as used in structural design w directly appli¬ 
cable to hollow dams and arch dams through the stress equations, but the 
term is less directly ajqibcable to gravity dams. It is sometimes said that a 
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gravity dam, with the resultant, reservoir full, at the downstream middle 
third point has a factor of safety of 2 against overturning. This statement 
comes from the fact that doubling the active overturning moment in such a 
dam of triangular form with vertical upstream face will move the resultant 
out to the downstream face. Actually, failure by crushing would occur be¬ 
fore the resultant reached the face. On the other hand, the possibility of 
doubling the moment is nonexistent; hence, a numerical factor of safety 
against overturning is meaningless. The same is true of sliding. The shear- 
friction safety factor and the safety factor against a compression failure 
have the ordinary structural significance. 

23. Rule 6. Design and Construction. When the shape of the sec¬ 
tion of the dam lias Ijcch determined in accordance with established rules, 
careful attention must be given to the details of the design and the methods 
of construction, so that the structure may Ik* satisfactory in every reaped. 

RULE b\ GOVERNING DETAILS OF DESIGN AND METHODS OF 
CONSTRUCTION: 

All details shall support and ronform to the assumption* used in the design; 
the masonry shall be of a quality suited to the working strews adopted and 
shall be practically watertight and durable; protection against overflowing 
water shall be ample. 

D. General I’nononniK op Dkmicn 

24. General Considerations. A gravity dam must conform at all eleva¬ 
tions to each of the rules established in Sections IK to 23 The relative 
influence of these rules on the design varies with height. Near the top all 
stability requirements are inet if a reasonable top thirknev* is provided; 
next, compliance with Rule 1 assures compliance with all other rules; and 
the other rules come into ascendency, in turn. The designer usually knows, 
at least approximately, which rules govern at a given elevation and may pre¬ 
pare liis design according to such rules, later checking for compliance with 
others and redesigning w'herc necessary. 

Each of the design rules is simple and, within limits, innv Ik* cxpiessed alge¬ 
braically. However, because of the many variables involved and the neces¬ 
sity of changi ng from one governing rule to another at different heights, it is 
not practicable to write a set of equations from which all the dimensions of a 
gravitv dam can be directly determined. The only practicable solution is to 
design the dam, joint by joint, beginning at the top, making each joint con¬ 
form to all rules. 

Tins procedure results in a dam with polygonal faces that may be smoothed 
up for apiiearancc with no appreciable change in slability or economy. This 
is know'll as the "multiple-step design." 

A diagra mm atic sketch showing the zones of the multiple-step design is 
given in Fig. 12. The zones can 1 h? briefly described as follows: 
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For Non-overflov) Dams (Fig. 18a) 

Zone /. Practical considerations—must resist ice pressure. 

Zone II. Both faces vertical—nt bottom of zone, resultant for reservoir 
full reaches extremity of midtile third. 

Zow III. Downstream face begins to batter to keep resultant for reser¬ 
voir full at extremity of middle third nt Irottom of zone; resultant, reservoir 
empty, reaches extremity of middle third. 

Zone IV. Both faces batten'd to keep resultants, reservoir full and empty, 
at extremity of middle third—at bottom of zone, stresses for reservoir full 
reach allowed values. 



Fin. 12. Zoning for dams. 


Zone V . The determination of the sect inn below the bottom of Zone IV 
is very complicated for the multiple-siep design* and, moreover, is not appli¬ 
cable to the single-step design advocated subsequently for preliminary designs. 

For Spillway Dams (Fig. 12b) 

Zone I. Crest shaped to fit jet of spilling water. (See Section 33.) Re¬ 
sultant for reservoir full is outside middle third. Tension exists. (See See- 
tion 36.) 

Zone II. Downstream face shaped to fit jet of spilling water. At l>ottoin 
of zone, resultant for reservoir full reaches extremity of middle third. 

Zone I1L Downstream face no longer fits jet but must have a flatter shqx 1 
to keep resultant for reservoir full at exlreinily of middle third. For spill¬ 
way dams, the resultant, reservoir empty, seldom if ever reaches the extrem¬ 
ity of the middle third, and the possibility of the resultant’s being outside the 

♦See p. 342 of Hof. 1, Section 37. 
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middle third for reservoir empty can be neglected, at least for preliminary 
designs. 

Zone IV, At the bottom of this zone the sinuses for reservoir full reach 
allowed values. 

Zone V . Same as explained for non-overflow dams. 

The multiple-step method is always used for the final design of dnmH 
within a height that does not encroach greatly on Zone V. Examples of 
multiple-step designs are shown in >igs. 33, 14, and 25. 

Th*3 single-step method is always used for final designs of very high dams 
that extend well lieyond Zone V. Examples of single-step designs are shown 
in Figs. 13, 14, JO, 17, and 25. 

The theory of the multiple-step design is fully iWril>od in current litera¬ 
ture* to which reference should be made for final designs where applicable, 
as indicated previously. The single-step method not only i.- directly ap¬ 
plicable to vcr\ high dams, but also can be used within an accuracy of 2 1o 
4%, on the safe side, for preliminary designs to obtain the urea of the maxi- 
nuun section of the dam. 

For non-overflow dams with a ratio of lisp width to height of dam of 
0.75 or more, the error is zero. For a ratio of about 0.10, the error is about 
2 or 3%, gradually reducing to approximately zero for a ratio of zero. 

For Fpillway dams with a ratio of head on crest to height of cbm of 0 5 
or more, the error is zero For ratio of about 0.10, the error is about 3 to 4%, 
gradually reducing to around zero for a ratio of zero. 


E. Solid (hmrry Xon-o\lkflov ])amh 


25. Multiple-step Design. As mentioned liefore, the multiple-step 
method should lie used foi all final designs ior dams of a height within wrhich 
the multiple-step method is applicable, although the single-step method is 
recommended lor preliminary studies. 

Figures 13 and 14 -how sections of non-overflow dams obtained by the 
multiple-step method under the following assumptions. For comparison, 
single-step design sections are superimposed. 

Example 1 


Maximum depth of water 

Depth of tailwatcr 

Top width 

Weight of run civic 

Weight of water 

Uplift intensity factor, f 

Allowable coefficient of friction, / 

Allowable compression does not govern 


200 ft 
0 

24 ft 

150 lb per cu ft 
02.5 Jb per cu ft 
0.5 
0.75 

for this height. 


No earthquake. 


♦ See Ref. 1. Section 57. 
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Example 2. Same ub Example 1 but with earthquake accelera tion of an 
intensity of 0 . 1 ( 7 . 

Figure 26 also shows a coini>arU.on of the hinglc- and multiple-step designs 
for a spillway dam. 

Single-step Design. A diagrammatic sketch for the single-step design 
is given in Fig. 15. The downstreuiu face u> a M might line that, when ex- 



Flo. 15. Diagrammatic sketch o\pl«lining smglc-slcp design foi non-overflow 

llama 

teiulcd, intersects the upstream fare at headwater Miifare. The width, L. 
oi the top of the dam miiht lx 1 wide enough lor practical considerations, which 
van* for each case. Without earthquake the most economical top widlh is 
10 to 15# of the height |9|. With earthquake assumptions a heavy top sec¬ 
tion is disadvantageous. A superelevation of the top alwvo high water is 
usually desirable to get lieyond the reach of waves. 

Where considerable depth over an unguted cpillway is required to pass 
maximum floods, high headwater and ice prt^ure will not occur simultane¬ 
ously. The section should be checked for the condition of maximum head¬ 
water and no ice pressure and also for the condition of normal high head¬ 
water with ice pressure. For gated spillways, normal high headwater may be 
the same as flood level, the gateh being opened enough to pass excess flow 
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TABLE 1 

Basic Equations fob Solid Non-overflow Daub 
(Single-step Design) 


Line Item 

Force 

Jjever 

VERTICAL FOIVES 


7 

1 Gnu civic —Her tangle A 


+ 2 

2 “ Triangle B 

\c\IM 
+ 2 

+ 2 - L 

3 

3 “ Triangle C 

ipi**V 
+ 2 

+! 

4 11 —Triangle /) 

ii’i hfS 
+ 2 

“ 3 

5 Headwater 

+*n/iior 

j 

~ 2 

0 

irthbJr 
+ 2 

2/ 

3 

7 Tailwater 

icaMi 
+ 2 

3 1 

8 Silt * 

M uAi a J- 
+ 2^5 

-'O-j 

9 Uplift - Rectangle E 

— u’a/« »-r 

“ 2 

10 “ —Rectangle F 

- /rjJuv 


11 “ —Tiiangle G 

-"**■'** “ ,UJ (5 + 2 ) 

, '/ 2i 

+ 3 3 

12 

sir 


HORIZONTAL FORCES 



13 Headwater 

7/' 2 /l 2 2 
+ 2 


14 Toe 

+/\ 

+*l 

15 Tailwater 

IP 2 A 4 2 

2 ~ 


16 Silt* 

tf»4^3 2 0' 

+ 2 

+*■ 

3 

EARTHQUAKE 


+*.+ *; 

17 Concrete—Rectangle A | 

+a (Line 1) 
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TABLE 1 (Continaid) 

Bamc' EyiJATiONb for Soud Non-overflow Damb 
(Sin ole-step Demon) 


fAne 

Item 

Force 


Lever 

18 

tt 

-Triangle B f 

+tf (Line 2) 



in 

u 

Triangle c f 

+« ('Line H) 



20 

(< 

Triangle I) f 

+« (Line 4) 



21 

Water 


+3<W 


+0.45j 

22 

lev 


Ignored 



23 

Silt 


lgnoted 



24 



2/ 7 




* 7 — from K‘l S. Lines 8 and 16 an* for reservoir lull. 

1 + sin 0 

«ilt ir& for reservoir eiupH. 

t l T se negative lorn* lor reservoir emply. 


Urn* saturated 


and having n capacity oc|uti! to the maximum flood. In this raw', the ire pres¬ 
sure may occur with maximum headwater 

The contingency that earthquake and maximum flood will ornir simul¬ 
taneously is considered too remote. Therefore, the dam should l>e tested for 
lnaxinmm headwater levt‘1 and no earthquake and also lor normal high head¬ 
water and earthquake. 

The upstream face should be kept vertical for u distance, ft 10 , equal to 
about XL for the* condition of no earthquake, and cqu«d to uIkiuI 2 L for the 
condition of earthquake. 

Without appreciable erior, the values of h {l and dj can be n^umed equal 
to 1.33L and 0.75 /t 4l respertneh. High tail water ih sometimes difficult to 
determine. The depth of lailwater may be advantageous to some rules of 
design and ina> have the reverse ('fleet on others. Therefore, the dam should 
be tested for the maximum posable and minimum possible tnilwaler depth at 
the time of maximum headwater. 

After the design is completed, the section above the bottom of the vertical 
downstream face, i.e., for depth //„ below headwater, should lie tested for 
stability, particularly if an earthquake assumption is used. A fillet, as indi¬ 
cated in Fig. 15, may be liecc^aij. Houc\cr, the added volume is negligible. 
It will lie on the sale side to adopt the upper part of the computed maximum 
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nertion for the area of those parts of the (lam that are lew than the maximum 
height. That is, the area of the upper half of the computed maximum section 
may bo about 8% larger than required. 

If the section across the site is triangular, the error in adopting the com¬ 
puted shape of the maximum section throughout may run about 4 or 5% 
on the safe side. If, however, a considerable portion of the dam is constant 
in height and somewhat less than the maximum section, il would be advisable 
to compute another section for that part. 

27. Basic Equations for Single-step Design. The basic equations 
given in Table 1 will be found useful in the design of solid non-overflow dams 
by Ihc single-stop method. Nomenclature is given in Fig. 15 and in Section 3 

Moments are taken about the base of the section, on a vertical extension 
of the vertical top part of the upstream face. Clockwise moments are posi¬ 
tive, as are downward vertical forces and horizontal forces directed to the 
right. Moments have been omitted from the table because il is more con¬ 
venient to derive the forces and levers from Ihe equations given and multiply 
them to get the moments than to use equations for moment*. 

The following examples will indicate the application of the foregoing equa¬ 
tions to the design of a dam by the single-step method. 

28. Example 3. 200-ft Non-overflow Solid Gravity Dam. Let it lie 
required to estimate the approximate cros**—cetinii of a nun-overflow gravity 
dam 1200 ft high on a good foundation. Assume that the spillway crest is 
gated so that normal high-water elevation and maximum high-waler elevation 
during floods are equal. In tin-* case, highest headwater, ice, and earthquake 
call be assumed to occur simultaneously. Let 


ll « total height nl dum 
*2 • depth of headwater 
h ,| depth of silt 
hi =■ depth of Inilvvater 
hm = 2 fj = 2 X 24 
hf, * //2 — *io 
//fl - 1.337/ 
hi =■ 3 ft 
f/i - 0.75*4 
tit “ -rhn '* B 
L =* widlh of top 
iti — w r eiglil of concrete 
n't = weight of water 
m dry weight of silt 

k «■ pern sit age of voids in silt, expressed as a decimal 
u>4 — submerges! weight of sill 
i/iit « saturatisl weight of silt 
0 — angle of internal friction for edit 
1 — sin 0 


205 ft 
200 ft 
50 ft 
30 ft 
48 ft 
152ft 
30 ft 

22.5 ft 
jt/ 3.04 
24 ft 

150 lb p< ■ eu ft 
02.5 lb |xt eu ft 
100 lb per cu ft 
0.40 

63 lb per cu ft 
125 lb per cu ft 
30° 

1 
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f — uplift intensity factor —05 

P% - ice pressure — 10,000 lb pci lin ft of dam 

/ — allowable coefficient of friction — 0 75 

r — ratio of maximum to Average sht ai — 0 5 

a a — ultimate bheax ipsi stance of the foundation — 800 lb ptr sq in oi, ab an alter¬ 
native, zero 

— minimum permissible shcai-fnetion safety factor—5 0 (investigation lor 
bhcar requued only when tan 0 is gicatcr than f *- 0 75) 
p, — maximum allowahli me lim'd births in dam oi foundation — 50,000 lb per b<i ft 
a — ratio of caithquakc at celt ration to giasily — 0 1 
C e “ earthquake factor — 51 7 



24 
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For Reaervoir Empty 

- +12,427 X 16,000v + 82,800 [311 

2/'* - -U40r - ItnOy + 43,720 [32) 

2 Mg - —4714x* - 57,800j: + SOOOj/ 2 - 100,000j/ + 537,900 [33] 

For Reservoir Full 

2W> = +15,137x + 10,469)/ + 103,880 [34| 

2IV “ +1I40lc + 15(H)// + 1,404,360 |35j 


S.W/r - -6270LT 1 + 57,800a- + mxy + 3178//* + 121,080// + 1)9,204,500 |30| 

Thi* following equations p;iu Ik* iimmI lo oliliiin llu> viihu-s of x ami // in 
or<l(‘r to fulfill the rcquirc-menls of Knli- 1 rc/pinling the location of the re- 
miltant for Ihe TPservoir both empty and Tull. 

Rcxervoir Empty 

Sir* (" - - 251* [37| 

Reservoir Full 

(> - o - 1381 

The values derived in Eqs. 31 In 30 am substituted in Eqs. 37 anil 38, re¬ 
sulting in two simultaneous equal inns in x and y. 

A value of y equal to 0.75/io is assumed for the first trial anil Ihe resulting 
value of x derived to fulfill the requirements of Itule 1 with the reservoir 
empty. Then, this value of x being assumed eorrect., it ean In* substituted to 
find a more correct, value of y to fulfill the requirements. This process i* con¬ 
tinued until an agreement is reached. Actually, two or throe trials will give 
aeeurate results of Rule 1 for reservoir full. 

Proceeding in this manner, we will find that, for this example, the first-trial 
values of x and y are 10.0 and 104.5, respectively. A second trial would 
Tcsult in values of x and y equal to 10.7 and 154.0, respectively. This dif¬ 
ference would result in a variance iu estimated quantities that is insignificant, 
con,sidering the usual uncertainty in the estimated level of a satisfactory 
foundation. 

With the second-trial values of x and y f the final forces and moments are 
2 MV = +2,013,540 lb 
2WV = +2,(138,000 lb 
3/V = +1,058,000 lb 
2/V =* -210,000 lb 
2Mj, * +104,050,000 ft-lb 
XM b = +100,770,000 ft-lb 
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The resulting sod ion is shown in Fig. 16. 

To tost for resistance to sliding, if no shearing stress is allowed, i.e. f to 
comply with liule 2a when a n - 0, we tind, from Eq. 26, that 


2 /, 

SWV 


tan 0 


1,658,000 

2,013,540 


0.824 


Since this is in excess of the allowed value of f -- 0.75, the expedients described 
in Section 10 should be ^resorted to, if the foundation has no shearing re¬ 
sistance. 



Fin. 16. Elements of (he section for Exitmplr 3. 


To test for Rule 2ft, for sliding with the inundation capable of a shearing 
linstance ot t> ft MR) Jb pci sq m. or 115,200 lb ix»r sq it, we fluid, from Kq. 28, 
that 

D 0.752IIV + rSaA 
-S/V“ 

0.75 X 2,013,540 + 0.5 X 115, 200 X 173.7 1Q 
" “ 1,658,000 “ ' 

This factor of safety, considering friction and shear, is in excess of the allowed 
value of >Si / — 5.0, and the condition is satisfactory. 

To tost for Rule 3, governing, compressive stresses, the stresses are determined 
according to Section 20 us follows: 
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The vertical foundation reactions can be found from Eqs. 20,21, 20a, and 21 a, 
in which, for this case where the resultant* hit the l>ase at the extremity of 
the middle third, e = 1/ 6 * 173.7/6 = 28.95. 


Reservoir Full 
Dovnslwun toe 


Pn - 

Upstream tor 


Reservoir Empty 
Downstream toe 


Upstream toe 


P r 


tr — 


2^013,540 / 6_X 28.95\ 

173-7 V + 173.7 / 


23,160 lb pc .* sq ft 


2,013,540 / _ 6 X 28.95\ 
173.7 \ “r-3.7 / “ 


2,638,000 / _ 6 X 28.95\ 
173.7" V 173.7 / 


0 


2^638,000 / 6 X 28.95\ 

173.7 V + ’ 173>“ / 


30,340 lh jH»r sq ft 


The uplift pressures can he round from Eqx. 7 and 7a as follows: 


Reservoir Full 
Downstream toe 

- 62.3 X 30 = 1875 lh per sq fl 

Upstream toe 

p tt " - 62.5130 +■ 0.5(200 - 30) | - 7150 lh per sq ft 
Reservoir Empty 

Upstream and downstream lues = 0 

Tlic total vertical miction-, including uplift, obtained from Eq-. 22 mid 
23 arc 


Reservoir Full 
Downstream toe* 


Pv ' - 23,160 + 1875 - 25,035 lh per s,j ft 

Upstream too 

P„" = 0 + 7150 - 7150 lh per sq fl 

Reservoir Empty 
Downwlrcam toe 


Pn — 0 + 0 *■ 0 Jh per sq ft 


Upstream toe 

p/' - 30,340 + 0 = 30,340 lh per sq ft 
The inrlinatirm of the face- of the dam are 


Downstream 

Upstream 



tan 4" 


jt 

hi 


154 

200 

10,7 

152 


0.770 

0.130 
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Tlie normal pressures on the 1 faces of the dam are easily found to bo 

Reservoir Full 
Downstream toe 

pn — 1876 Jb jjcr sq ft 

Upstream toe 

Sill 1,440 

WatcT 13,500 

p»" *■ 14,040 lb per Hq 1* 

Rf'xrrvoir Empty 
Downslnsam tw 

Pn “ 0 

Upstream toe 

Silt 2800 

Water 0 

Pn* - 2800 lb PIT ft 

The maximum inclined stress^, from Eqs. 20 and 30, are: 

Remrvoir Full 
Downstream toe 

p,' - 25,035 + 0.77^(25,035 - 1875) - 38,700 lb per sq ft 
Upstream toe 

p." - 7150 -1- 0.13=(7130 - 14,040) = 7018 lb per sq ft 

Hi servo ir Empty 
Downs!n‘»m lot 1 

p/ = 0 + 0.77 a (0 - 0) - 0 

Upstream toe 

p," - 30,340 + 0.13 2 (30,340 - 2860) = 30,800 lb prr sq ft 

It is seen that the maximum inclined stress is 38,700 lb per sq ft, which 
is well below the allowed 50,000 lb per sq in. 

Should the rompuled stress exceed the allowed limit, then the base of the 
dam is widened. Solution is accomplished by trial. An arbitrarily assumed 
ba^e length, x + y (Fig. 15), ran be placed in successive trial positions until 
the position is found that, without violating Rules 1 or 2, gives (if possible) 
satisfactory values for both p/, reservoir full, and p/, reservoir empty. .If 
this cannot he accomplished with a given trial length, a longer length is as* 
Mimed and the trial is repeated. If there is strength to spare, a shorter 
length can be tried, the process lieing continued until a base length is found 
that at its best position gives the allowable inclined stresses at the two faces 
simultaneously. 

For preliminary estimates, it is not necessary to test the dam for Rule 4, 
for tension in inclined planes. (See Section 21.) 

29. Example 4. 360-ft Non-overflow Solid Gravity Dam. Figure 17 
shows a section of a 350-ft non-overflow dam on foundations such that limit- 
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kie> 17 Single-step disi^i I\unpl( 4 


ing preLillis post in (hi design 1 m n this e I-* llic single *tcp method would 
Ik used for th( fm il design I lie design iliti in is follows 

hi =* nnximuni depth oj hcadwatei 
hi — dipth of 1 ulwatu 
L = top xxidtli 
Wi * weight of (onrn ti 
1/2 = flight Of W llll 
f *= uplift intmsiU lie Ini 
/ * allow iblc / (X flic it nt of Jn/tion 

s 0 * ultimati slu mug sfnngth of thi found it ion mil dun 
S / = minimum ]m imi^iftjli shi u Jmlion sifit> hut cm 
p % “= maximum allowable lnrluii d slu ss on (lam oi iouiul ition 

No (arthquikr 

30. Notable Non-overflow Solid Gravity Dams. higmes ] vi ind 
show exunples ui nnlihlr non-overflow duns in this eounln It must ! m 
understood thil specnl conditions such is the strength ol the fmindtlum 
carthquike assumptions, tlu ide is of tlio designer, etc , grr ill\ iflund the 
shipe ol thr sections 

31. Approximate Quantities in Non-overflow Solid Gtavity Dams 

Figure 19 shows ipproxnmU cjuintitus of tonne to in non-overflow dims 
the found i turn* of which arc suih tint the dlnwrd tin 6 (h g 9) is it h isl 
07h ind the strength of tlu found ilion is siifhcicnl to witlv-tind the stresnes 
\n uplift mtciisiU i utor of 0 *) is issumcd No silt, if r t ulw Her, oi c/irlh- 
qmke is assumed The weight of ronmlc is 140 ll> per cu ft 
Iho use of llus dug! ini where emicrete utudly weighs 1W lb jkt ui ft 
will give a degree oi conservatism of about 4% 


- 3W It 

- 0 

- 4^ II 

» 1 >0 lb )n i ru ft 
** ti2 5 It* |n i <u fl 
o-> 

- 07 

SIX) lb |K r sq in 

- r >0 

™ *50 (XX) lb jn i s(| f( 



METHODS OF DESION 



Ik 18<j l’intili> ol not ilill ii(B-miiflo» wi'il' dims 


1 Sum (iimm 'miiism 1>vms 

32 Methods of Design. The uinirtl method of determining the stihil- 
itv ot solul spills n dims diflus m no w n from (hit preuous|\ deseutied 
lor solid mvn-iiM iflns duns evcpt in (In vuuuft ol tlie cifst shore, i» pro- 
uonsh imntunud (he sei lion should In propoitioned to fit the losei mppe 
of the shoe! ol s iter spilling o\<i the dim during niiumiini flood Thr pie- 
reding pniiiiplcs ul design sill lie supplemented *is reepiiied hut sill not be 
rope ited here. 
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33. The Shape of the Crest. II the sheet of water spilling over the dun 
lca\eb the fare of the dam, there is danger of the formation of a partial 
vacuum undei the fcJicet w ith a irsultant additionil overturning force on the 
dam. Therefore, except lor special conditions mentioned subsequent^, it is 
desirable to bhape the eiest and the downstream face to completely fill the 



Fig 18b Section Ihvough Fontana Dam and powerhouse (Enq N i if s-7?<r , Nov 

16. 1014 ) 

*pnce under a freely discharging |ct coi responding to the maximum flood 
expected 

Experiments lnne been mi do to dcteiinine tin* shape of tbe s'jeet of water 
flowing over aerated sharp-eipsted weirs The general loim of the bhect i* 
indicated in Fig 16 of Chapter 8 If the area below the lowei napi>e is filial 
with masonry, the shape of the sheet and the disrliaige will not be changed 
appreciably. 

This hlmpe of crest has become* standard in modem designs except undei 
sjierial nrciunstanres. For reference, tbciefoie, it will lie designated the 
‘'standard dam crest/’ and the head on the crest, used in establishing it, will 
lie termed the “design head ” 
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§33 SS Si ? 8 s 

ui uiep jom8i6|-| 


Fra 19 Contents of **olid non-oi erflow dama 
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Figures 20 and 21 Rive recommended coordinates * of thr nappes and 
shape of crest for dumb with vertical fuee and with face inclined on u 45-degree 



slope, respectively, and with no velocity of approach. The coordinates in the 
tables are to lie multiplied by h' r to get the coordinates of the concrete crest 
For appreciable velocity of approach, the shape nf the crest cun Ik- approxi¬ 
mated safely, for preliminary designs, by multiplying the coordinates in the 

♦William P. Cieugrr, Mnsonry Dam*, Jolm Wiley k Sons. 1929. p 106. 
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table by h f * plus the xclont) of ipproarh For the exact bliape of the crest 
with a veloc.it> ol approach see p »G2 ot Ret 1 



Fu 21 Sluidud (Hht upshc iin face me line cl 45* 

Experiments b\ Roust ind Reid (101 mdicite th^t the shipe of the crest 
*ill not Ik diluted mitcmlh by det ills shown in Fig; 22a ind 226, provided 
tilt distance, (f is ecpnl to it It tst ont hilf the sum of the he id on the crest 
nnd tlw he id corresponding to thr \clont\ of ipproich This is because u*r- 
tu d \(locitus uc siinll IkIuw such depth 




of Dam above Rock Surface in Feet 
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Experiments [ 101 on models of standard dam crests have shown that the 
jet adheres to the cnnrrete for heads on the rrest up to 2 or 3 times the design 
head, even though the most effective practical means for admitting air ia 
provided. Although it is not certain that the relationship will hold directly 
lietween model and prototype, adherence of the let to accuralcly designed 
crests can be exacted for heads considerably higher than the design head. 


Fiu 24 



Di.igiamniatic sketch explaining singli i -step design for spillway damn 


Should the nest ion tain any irregul mtics that would cause eddies, or 
should it not coricspond to the slmpo ot the let tor uppienable velocities of 
appinncli, as pievunihly explained, negativo piessurcs may be set up on the 
face of (he dam. 

Since the adheiing nappe with the resulting partial vacuum under it in¬ 
creases the coefficient of discharge, the cre^t, in special cases of spillway dams 
without gates on the crest, has l>ccn slipped for a design head somewhat less 
than that for the expected flood in order to increase the bpillway capacity. 
At the fiamc time provisions are made for resisting the vacuum load on the 
dam. The difference in the discharge coefficient with and without adhering 
jets is shown in Fig. 15 ot Chapter 8 

34. The Bucket. Except for low dams with small maximum discharges 
and the \>est rock foundation*, spillway dam* should have a fillet or “bucket” 
at the toe to defleet the sheet of water in a horizont.il direction. A usual 
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TABLE 3 

Bahic Equations for Solid Spillway Dams 
(S lVULE-fiTKP DESIGN) 

Line Item Force Lever 

VERTICAL FORCES 

1 Concrete Poitinn A 4 ici (Area A) 4-cfo 


2 

u — Rectangle R 

+ irj^nr/4 

+5 


3 

“ Triangle C 

+ 2 2 

+ S + 

2d 4 

3 

4 

“ - Triangle /) 

MS/lM 
+ 2 

X 

“ 3 


5 

Headwater 

■+ 

X 

“ 2 


6 


2 

2jt 

3 


7 

Tail water 

+ 2 

4-v - 

3 

8 

Silt • 

W’l^A Z Jf 

^ 2A b 


// 

3J 

9 

l r plift -Reelangle E 

—Wi*4» 

X 

~ a 


10 

u Reef angle F 

— iMiV 

♦; 


11 

“ Triangle (I 

— if a r(/ia - /«4) ^ 4 


‘Ar 

3 

12 


211 




nOHIZONTAL PIIKPRS 


13 

Headwater 


13.1 

14 

Ire t 


IS 

Tailwator 


16 

Silt * 


EARTHQUAKE 


17 

Concrete 

Portion A ( 

18 

u 

Rectangle B } 


, W»? 2 
+ 2 

_ 

2 

_ u>2h< 2 
2 

+ 2 

4“«(Linc 1) 
+a(ljiiu* 2) 



2 h m 
3 



+s 



19 


Triangle C J 


4-«(Line 3) 
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TABLE 3— Continutd 

Basic Equations fok Solid Spillway Dams 


(SlNULK-STEP DKSION) 


Line 

Stern 

Force 

Lever 

20 

Concrete—Triangh* D % 

4 «(Line 4) 

+t 

21 

Water * 

2T W p f 




3 

vs 

22 

Ice 

Ignored 


23 

Silt 

Ignored 


24 


2/ J 

2M 


1 — bin 0 

* * = - from Eq. 8. Lines 8 anil lit are ftu full reservoir. Use saturated 

1 4 Mil 0 

sill ii’b lor empty reservoir. 

t Not uhcsI for high wafer ni spillway dams. Sec Section B. 

X l T so negative force tor reservoir empty. 

$ Where p/ and p m are ha indicated in Phi*! d of Section 14. 

type of bucket is indicated in Fib 80 of Chapter 8. lis purpose iH obviously 
lo pm cut the impact of the lulling water hum scouring the tounrlation at the 
loe ol the dam Suggested dmieiisimis are shown in Fig 23 of this chapter. 

Should the foundation 1 m* of Mich a diameter that, even w’lth a bucket, 
some scour Irom the spilling water can l>r expected, more extensive provisions 
lo pie\ent scour must lie made. Section 5 of Chapter 25 describes these pro- 

\ 1MOI1S. 

To Ik* thoroughly etTectivc tlie bucket should lie tangent to the foundation, 
or uenih so. A sudden enlargement of the jet, due to a vertical step, where 
it joins the Inundation will cause an eddy that, under high velocity, will erode 
a stmt died or soft fouiidalion. The bucket i* not considered in computing 
slululil'v of the dam. 

35. Application of the Single-step Design to Spillway Dama. The 

first etrp in the design ol spillway dams is to shape the top of the dam to fit 
the lower nappe of the jet corresponding to the design flood head on the crest, 
as indicated in Fig 24 and explained in Section 33. Select a point on the 
lower nappe where it has an inclination of 30 degrees with the vertical, and 
draw a line from that point to the base, intersecting the base at the down¬ 
stream extremity of the assumed dimension y This line will not be tangent 
to the lower nappe but will lie near enough for practical purposes. Other 
dimensions and methods of procedure follow the explanation in Fart E. 

36. Basic Equations for Single-step Design. The basic equations 
given in Table 3 will lie found useful in the design of solid spillway dams by 
the single-step method. Nomenclature is given in Section 3 with additions 
in Fig 24. 
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Moments are taken about the Iminp of the section, on a vertical extension of 
the vertical top part of the upstream face. Clockwi.se moments are poaitivc. 
Downward vertical forces unrl horizontal forces directed to the right are also 
positive. 

It may be noted that, tinless the base pressures arc excessive so that the 
base of the dam lias to lie widened to reduce them, the upstream face of 
spillway dams need not be battered in order to keep the resultant, reservoir 
empty, within the middle third, in conformity with Rule 1 of Section 18. 

37. Example 5. 100-ft Spillway Gravity Dam. Let it l>c required to 
estimate the approximate cross-section of a fc pill way gravity dam 100 ft in 



height on a good foundation, it is assumed, for this case, that the design is 
governed bv high water and no ice, instead of low water and ice pressure. 

Since the base* pressures do nol govern, flu* upstream fare, as mentioned in 
Section 36, will not have to be Imtlrml and the value of x is zero. These 
circumstances simplify the solution because, with only one vaiiable, y, its 
derivation us direct. Referring to Fig. 25, let 


hi 

V 

hu 

Ah 

Ag 


110 ft; 

rf 8 - 0.2 ft; 

10 ft; 

f/ 4 - 24 ft; 

10 X (1 + 0.126) 

ii»i — 150 lb per cu ft; 

11.26 ft (Fig. 20); 

ics — 62.5 lb per cu ft j 

80 ft; 

f - 0.f»; 

8.4 ft; 

Area .1 - 330 aq ft. 


Also, let there be no tail water and no silt. 
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TABLE 4 

Computations for Exampi.k 5 


(100-ft Spillway Dam -Rgkkhvoir Full) 


Luu 

/(pm 

Forrf 

Lmr 

Mmtnl 

vmrriru- roRctb 




l 

('onerrte Portion A 

+150 X 330 +40,600 

+92 

+486,000 

2 

“ H petting B 

+150 X 80 X 34 ■- +288,000 

+Y 

+3.454000 

2 

“ -Triangle C 

+150 X B0y/2 « +6000y 1 

4*/3 + a> J a4 

+20008* 



-150 X 80 XY‘ -144,000/ 

-48,000V 

+W.0Q0V 

—2,304.000 


4 

“ Triangle ]) 

None »/*0 



5 

Headwater 

None an i ■*- 0 



6 

Headwater 

None u j b 0 



7 

Tail water 

None 



8 

Silt 

None 



M 

I jdift Rectangle IS 

None m no tail water 



10 

Hit tangle F 

None bm iiu twlwatrr 



1J 

“ 1 ruuigle G 

-825 X05 X 110X^2- —1720V 

+V/3 

-573v* 

U 


25 IT/ 



IlIHUAlhTAl nuu 




H 

Headwater 

+82 5 X l!0*/2 **■ +278,000 

11 n 
i 

+ Id, BOO, 000 

184 


-825X1128* 2 --3080 

+110-JX 11 ^ 

-408,000 

14 

Joe 

None 



15 

Tailwuter 

None 



l(i 

Silt 

None 



17 2d Karthquake 

None 




24 SPp VUy 


Foi Rene nun r F utl 

- 103.500 + 4280i/ [39] 

2 \f F - 15,061,000 + 48,000(/ 4 1427//* [40| 

To find the* value of // Midi ikit the result/mt will intersect the base at the 
extremity id the middle third, we Imp, from Et] 38, 

= 2WVS// 4411 

or 

15,061,000 4 48,000// + 1427,/* = J//( 193,500 + 4280//) 

- 129,000// + 2850//* 

Substituting the values of uWy and 23fr, from Eqs. 39 und 40, in Kq. 41, we 
find that y = 78.2. 

Figure 25 shows the resulting section and, for comiuinson, a section de¬ 
rived hr the multiple-step method. Tt will l>c noticed that, for this example, 
the width of the base of the dam is practically the same with either method. 
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This if* because the center of gravity of the area added by the single-step 
method is almost directly over the point of intersection of the resultant R 
with the Iwise and therefore lias no effect on its location. 

Tests for conformity with the other rules of design are the same ns those 
described for Example 3, Section 28. 

Near the top of ^pillwav dams the resultant R will fall well outside the 
extremity of the middle third, as shown in Fig. 126, and tension will exist 
m the eonerete in violation of Rule 1 of design indicated in Seetion 18. How¬ 
ever, sueh tension is almost universally ignored even when ice pressure is in¬ 
volved. For this example without ice, the tens'on exists for a distance of about 
4 ft below the crest. 

Also, near the top of spillway dams, the angle 6 of inclination of the 
resultant becomes greater than llic allowable value without consideration of 
shearing strength in the eonerete, and Eq. 25 applies. However, it will be 
found that the shearing strength of concrete will be ample, even with con¬ 
siderable ice pressure. 

Therefore, tlu* effect of ice procure need be considered only in respect to 
the base of the dam when* tension cannot he counted oil. 

Assuming water surface at the ercsl of the dam and 10,000 lb per lin ft of 
ice at crest level, it will be found thill low water and ice docs not govern the 
design for the section of the flam that is 100 ft high: in fact, it would not 
govern, in lliis example, for aitv section higher than about 30 ft For sections 
loss than 30 ft high, where low water and icc does goM*rn, a heavier section 
can Ik* adopted by one of two method*. 

The first method i* to adopt an arbitrary head, h r r , on the dam, greater 
than the actual value of I lie design head and shape the crest accordingly 
This method has the disadvantage of deeicasing the coefficient of discharge, 
since the design head would be less Ilian tin* head for which the crest is 
shaped. 

The second method is to add additional concrete to the upstream face and 
shape the cic*t for the design head according to Fig. LM, as indicated in Fig. 
226. In many cases, tliw will require the lesser quantity of concrete. 

If it is desired to have the entire length of the dam of the same slmiie, the 
section thus required for heights le*« Ilian the 30 ft can l>c used as the start 
of the design for the highest or ]()0-ft height, as previously explained. 

38. Example 6. 20-ft Spillway Dam. Let it lie required to design a 

dam under the same conditions as for Example 5 hut only 20 ft high. No ice 
thrust is assumed. 

The top 20 ft of Fig. 25 can be used for this example. Proceeding as indi¬ 
cated for Example 5, w 7 e will find that the resultant for both full and empty 
reservoir intersects the base well within the middle third. If it should lx? 
found that the sliding factor on the foundation is also safe, it is evident that, 
except for the requirement regarding the shape of the downstream face, the 
section can be reduced. Tins condition can be met by undercutting the up- 
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stream face, as illustrated in Fig. 22a and as indicated by dotted lines 1-2-3 
of Fig. 25. 

39. Ice on Controlled Crests. If crest gates are likely to be closed and 
the reservoir full to flood level during very cold weather, the importance of 
ice pressure may be greatly increased. The gates themselves arc subject to 
damage and the ice thrust is raised to a higher level, increasing the over¬ 
turning effect on the dam if the gates arc sufficiently strong to transmit the 
thrust. 

40. Approximate Quantities for Spillway Gravity Dams. Figure 25 
shows approximate quantities of concietc ip spillway dams at which tlic 
foundations are such that the allowed tan 0 (Fig. 9) is at least 0.76 and the 
strength of the foundations is sufficient to withstand the stresses. An uplift 
intensity of 0.5 is assumed. The weight of concrete is 140 lb per cu ft. 

The use of this diagram where concrete actually weighs 150 lb per cu ft 
will give a degree of conservatism of ulxmt 4% for high spillway dams, grad¬ 
ually diminishing to zero for low spillway dams in which the shape of the 
action is governed by the slia]>o of the jet of spilling water, with no under¬ 
cutting of the iqislreain face as indicated in Section 38. 

G. CONCRETE FOH DAMS * 

41. General. The structural quality of concrete is so closely related to 
the structural quality of the aggregate of which it is composed that it is haz¬ 
ardous to conclude that, if tlic rement and aggregate tested alone prove 
durable, the concrete will be equally durable. There are too many examples 
to the contrary, and henre a thorough and comprehensive series of tests of 
all ingredients alone, anil also in the proposed mixes, is mandatory for im¬ 
portant structures if later failures are to be avoided. The testing of concrete 
ingredients is a good deni like the examination of a dam site—rarely is it suf¬ 
ficiently exhaustive to leave no regrets. 

The specifications for the concrete in a structure should be comprehensive 
but at the same time should lie courhcd in generalizations rather than in too 
much detail. Results rather than method*, should be specified, if practicable. 
And then, an exjierieneed and well-qualified ins|iection force should \k pro¬ 
vided and clothed with the authority necessary to secure the desired results. 

42. Cement. Since cement is the least stable ingredient in concrete, it 
has an important influence on the life of a concrete structure, especially a 
hydraulic structure in a climate where a large numlier of alternate freezings 
and thawings annually result in progressive surface disintegiation. 

Although natural and Port!aud-pozzolana rement are sometimes used in 
the construction of dams, the vast majority of (lmns are built with Portland 
cement. American Society tor Testing Materials Specifications are available 

* Extracted from Chapter 15, JCnyiwt riuy for Darn*, John Wiley and Sons, 
New York, 1945, by Byruni W. Steele, Head Engineer, Office of Chief of Engi¬ 
neers, War Department, Washington, D. C. 
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for five types of Portland cement—i, {general purpose; II, moderate heat; 
Ill, high early strength; IV, low heat; and V, sulphate resistant. Federal 
specifications alhO arc available on these cements. 

The tncalciuin alumumte content of all five types is limited as follows: 
I, 15%; II, 8%; III, 15%; IV, 7%; and V, 5%. 

Type II, commonly known as modified cement, is becoming quite popular 
for hydraulic structures exposed to moderate sulphate action, or where mod¬ 
erate heat of hydration is an essential feature, and where it is desired to 
specify certain chemical and physical test requirements. 

Type IV, low-heat cement, is UHed for massive concrete work in which it is 
desired to limit the maximum temperature in the concrete to the smallest 
value practicable and to produce as crack-resistant a concrete as possible. 

Tyjie V cement is iu-ed where spirally resistant Qualities are necessary on 
account of severe alkali conditions. 

43. Fine Aggregate. The gradation, or particle-size distribution, of the 
sand has an important bearing on the workability, durability, and cement 
content of concrete. The allowable grading limits depend to some extent on 
the sliaiie and surface characteristics of the particles. For example, n sand 
having smooth, well-rounded particles will give satisfactory results with a 
much coarser giadmg than a manufactured sand iiith angular particles. The 
fineness modulus of sand, which is the sum of the percentages retained on 
llie liuinlwT 4, 8, lft, 30, 50, and 100 Standard sieves divided by 100, should, 
for general eonciete work, Ik 1 maintained between 2.50 and 300, and the 
variation from the average on any job should lie held to plus or minus 0.1 
if uniformity and close control of placement are desirable. 

44. Coarse Aggregate. The minilier 4 screen, which has a square open¬ 
ing of ->i« in, is generally used as the dividing point lietween fine and coarse 
aggregates. For mass concrete in dunLs the maximum size of stones incor¬ 
porated in the concrete has gradually decreased, until now 6 in. has been gen¬ 
erally adopted as the largest cobble practicable to put through the mixer 
and hence the largest particle of rock that ran lie economically incorporated 
in the concrete. To avoid undesirable segregation, coarse aggregate should be 
divided into 2, 3, or 4 sizes, depending on the maximum size of the cobble 
jiemiitted. The selection of screens to produce these sizes depends on the 
natural gradation of the coarse aggregate. A common size division is 94n 
to % in., 94 to 1% in., 1 Yi to 3 in., and 3 to 0 in The dividing point between 
sizes is more or loss arbitrary, hut in some cases it is necessary to modify 
the usual size limitations to prevent too much difference in size of batching 
units. 

45. Water. The wntpr used in concrete, mortar, and grout must be reason¬ 
ably clean and free from objectionable quantities of silt, organic matter, alkali, 
salts, and other impurities. 

46. Admixtures. If eoncrctc to withstand severe weathering conditions 
is desired, an air-entraining admixture will improve the durability of the con¬ 
crete and also its placeahility. To obtain the most benefit from an nir-en- 
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training a pent, the gradation of the Rand and the design of the mix should be 
given special study by a competent concrete technician. 

47. Concrete Mixes. The designing of the concrete mixes for a dam in¬ 
volves the combination of available materials so as to produce concrete of the 
desired durability, impermeability, and strength at minimum costs. Theo¬ 
retical mix-design methods found in the literalure may well be followed in 
designing concrete mixes, but these methods are often too complicated for 
general use; so it is advisable to select trial mixes which will approximate the 
desired characteristics and then adjust these trial mixes to suit local aggre¬ 
gate and conditions. For details of this procedure reference is made to the 
report of Committee (>13 in the Nuwiulier 104.3 Journal of the American 
Concrete Institute and to Recommended Practice for the Design of Concrete 
Mixes (ACT (S13-44). The Trial Mix design procedure given in the coin¬ 
mil lee report is an excellent approach to this subject and one of the most 
direct and simple yet devised. 

In a massive structure, economy dictates the use of the maximum size of 
aggregate that is available and can be handled advantageously through the 
mixers. If the structure, however, is of the multiple-arch or slub-and-buftress 
type, the thickness of the lncinbcis and the reinfoieement details generally 
dictate the maximum size of aggregate that can be used to advantage, and 
durability and ini]x*rmenl>iliiy rather than strength will 1 h* the factors that 
will influence the selection of the cement content. 

48. Batching and Mixing. In (he balcliiiur and mixing plant* now in 
general use for dam construction, the aggregate is delivered to the lop of the 
storage bin** by belt conveyor and the cement is pumped through pipes. The 
storage bin* are above the batchers and the mixer- below them All materials 
descend through the plant and into the buckets by gravity. Hatching equip¬ 
ment i.s usually air-operated and electrically controlled from n single board. 
In the latest plants the tilling mixers are charged from a common central col¬ 
lecting cone and discharged through a central common hopper into ihc 
bottom-dump buckets. 

The tilting mixer is the onlj T type that will satisfactorily handle mixes con¬ 
taining cobblcn. The shape of the mixer drum and the shape and location 
of the blades uitliin the drum, as well as the method and sequence of charg¬ 
ing, have a marked effect upon the uniformity of the batch. All mixers 
should be so located and arranged as to ]>enmt the opera 1 or to view the 
mixing operation during its progress rather than to judge the qialities of the 
mix afler it is (lumped. The proper mixing lime for any batch depends on 
the speed of rotation of the mixer and the other factors mentioned above; it 
varicH from 1 min ior small mixers to '2% to 3 min fur 4-yd mixers. 

49. Transportation and Placing. The trestle and the cableway me the 
most common systems of distributing concrete over the ttnicture. If a cable- 
way is used, bottom-dump buckets arc transported from the mixer to the 
cableway on ears; and the ruble way, in order to serve any point on the dam, 
ia equipped with a movable tower at one or both ends, depending on the 
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absorptive form lining produces an ideal surface, if due care is taken in the 
building of the forms and the placing and consolidation of the concrete. In 
off eel, it case-hardens the concrete at the surface by straining out the air and 
water, holding back the cement, and thus producing more intimate particle 
contact and increased impermeability. 

In the construction of spillway buckets, ogee crests, and other structures, 
slopes steeper than 1 on ]% should l>c formed. Concrete properly placed 
against a formed surface is more resistant to the elements and to erosion than 
a surface that has been disturbed by screeding, floating, and troweling. 

51. Height of Lifts. In order to control the maximum temperature in 
mass concrete, it is generally sjieciiied that it shall be poured in 5-ft lifts, but 
mulliplc-arch dams, slab-and-buttress dams, and retaining walls are ordinarily 
carried up in 10-ft, 12-ft, or even higher lifts, since the dissipation of cxress 
heat from such structure and the prevention of cracks arc more readily ac¬ 
complished. Lifts higher than 5 ft have been used in mass concrete, but 
the formwork difficulties increase rapidly with height for mass-concrete types 
of forms. From a purely construction standpoint, lifts higher than 5 ft liiav 
be desirable for mass-concrete work but, after all factors entering into this 
question have been given flue consideration, the 5-ft lift seems preferable on 
most mass-concrete jobs. One of the objections to high lifts, esiiecially in the 
arches and faee slabs of dams, is the tendency toward the accumulation of 
water and cement at the top of the lift, thus producing a thin band of high 
water-cement-ratio, porous, nondurable concrete. This condition in high lifts 
can l>e avoided and satisfactory concrete secured, but to do so requires eternal 
vigilance on the part of the inspection force. 

62. Curing and Protection. Vertical surfaces can be eured very satis¬ 
factorily by arranging a system of pipes with spray nozzles at such intervals 
that the entire surface is covered with a fine spray. For horizontal surfaces 
the most positive means of securing continuous moist-curing is a blanket of 
saturated sand applied immediately afier placement is completed. This 
method of curing results in a surface that is as near ideal for starting thp next 
lift as it is possible to produce and is equally good for finished surfaces. 

Curing compounds, both colored ami colorless, are permitted on many jobs, 
and when they are properly applied the degree of perfection of the curing is 
probably as good as the average water-cured job, 1ml it is universally recog¬ 
nized that no curing compound will give the equivalent of continuouH moist- 
cure. Colored compounds, to lie most effective in reducing surf ire cracking, 
should lie covered with a coat of whitewash so that the heat of the sun will 
lie reflected instead of absorbed. Moisture, in addition to that present as 
mixing water, will lie taken up by the cement if thin excess moisture is readily 
available at the right time. 

Winter concreting involves protection against freezing until the concrete 
has attained sufficient strength to permit normal construction ojieriilions 
without damaging the concrete. This length of time varies according to the 
temperature of the mix when placed and the kind of cement used. One of 
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the chief objectionH to low-heat cement for dams in northern climates is the 
increase in tunc between lifts necessary to accommodate its slower-setting 
characteristics. 

63. Joints—Horizontal and Vertical. Surface clean-up is liest accom¬ 
plished by the use of a high-velocity jet of water and air applied at the 
proper time during the selling jieriod. Once the concrete is hardened, 
clcun-up is Ix'st accomplished by the use of the* wet-sand blasting process, 
which will remove any undesirable material rather effectively and economi¬ 
cally. Regardless of what kind of treatment the joint receives lie fore another 
lift is started, % in of mortar should be applied immediately before concrete 
placing liegius 1 , to permit Ihc proper bedding of the aggregate in the fresh 
concrete and the projicr bond of old and new concrete. 

54. Temperature Control, Cracking. The following are some of the 
various oiierations that may lie incorporated into the construction program 
for a dam as a practical solution of the elimination of cracks: (1) starting off 
all rock foundations or concrete surfaces that have set for several weeks with 
tw T o or three iMa-fl lifts and 5 days between lift?*; (2) limiting the height 
of all other lifts in 5 ft and 5 dnvs between lift*; (3) sprinkling the coarse 
aggregate and blowing eompressed air through it in summer to standardize 
the moisture content and reduce the temperature (this operation at Unvassee 
Dam redueed the temperature about 3 degrees); (4) refrigeration of the 
mixing water, including line of ice if it can lie properly batched and dis¬ 
charged into the mixer; (5) use of low-heat eoinent; (0) use of low cement 
content—0 X bbl per cu yd for interior ancl 1.0 bbl for exterior or surface shell. 
If the gradation and particle shajie of the aggregate permit, 3 wicks of cement 
per cu yd can lie successfully used for interior concrete in a massive dam; 
(7) circulating cold water or ice water through pipes imbedded in the concrete 
of each lift as soon as tlie piiie-* are covered and until the temperature of the 
mass lia-. Ix*en reduced to mean annual tcinperatlire lor that locality; (8) con¬ 
trol of form removal *o that high differentials in tcmi>crature between the 
surface and ncur-surJacc areas do not take place. The size of the dam, the 
amount of concrete, and the form in which the concrete is placed will lie im¬ 
portant factors in determining how many of these operations are applicable. 

55. Waterproofing. If well-graded aggregates are available and the mix¬ 
ture is properly designed, mixed and placed, and then adequately cured, con¬ 
crete can be made tight for all practical purposes even under high pressures. 
However, cold joints between pours, settlement or shrinkage cracks, careless 
placement, segregation, laitanee bands at the tops of lifts, and other defects 
are the common houtccs of leakage which make waterproofing necessary in 
relatively thin concrete structures having one side exposed to direct water 
pressure when the other side must be absolutely dry. 

Bituminous coatings, oil paintH, oil resin combinations, Portland cement 
paint, powdered iron preparations, and other proprietary surface treatments 
have tieon used with varying degrees of kuocos*. Bituminous membrane 
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waterproofing has been used extensively in Europe in connection with hydro¬ 
electric projects. 

Integral waterproofing should also l>e mentioned; but the use of powdered 
udmixtures to improve watertight ness is limited to the leaner mixes, in which 
the additional fines increase the workability and thus make possible a more 
dense and impervious mass. 

58. Tests of Concrete and Concrete Materials. Owing to the unsat- 
isfaetory service record of many structures, the tendency today is toward 
closer inspection and an increase in the types of tests conducted on concrete 
and the ingredients of concrete. The American Society lor Testing Materials 
Ills available standard methods for all such tests, and the 1940 report of the 
Joint Committee on Standard Specifications cmers in detail Recommended 
Practice and Standard Specifications for Concrete and Reinforced Concrete. 
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CHAPTER 18 


ARCH DAMS 

1, Types of Arch Dams. Dainc banns? all or a part of the structure in 
the form of an urch may Iw lIivkIimI mio throe general typos, viz., single-arch, 
multiple-arch, and archod-gnrxily dams. Single-arch dams aro troatod in this 
chapliT. Multiple-arch dam^ coiMstmg of a sprite of arches supported by 
buttresses, aro described in Chapter 10. Arched-grauty dams are essentially 
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gravity dams curved in plan Such d:un> arc hevoncl the scope of this Ixiok 
and, lor prHivniimrv investigations, ma> 1 m* treated a« straight gravity dams. 

Tho smglo-arrli dam is adaptable when the length is small in proportion 
to the height, and \iheu the hides nf the valley are composed of good roek 
nliirli ran resist the end thrust. Under favorable condition*, it contains 
le*» material than other concrete type* and, being equally permanent, is umi- 
allv adopted where condition’- permit Unfortunately, few sites arc* suitable 
for tliih type of dam. 

Tho single-arch dam may lie designed as a constant-radius or a constant- 
angle areli dam. These types are shown in Figs. 1 and 2 respectively. For 
the constant-radius dam, the central angle 2 a is necessarily the greatest at 
the toji of the dam and reduces greatly towards the bottom. For the con¬ 
stant-angle dam, the central angle 2« is constant and the radius is greatest 
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at the top of the dam, reducing towards the bottom. The conHtant-angle 
arch dam lias been shown to l»e by far the most economical and has l>een 
adopted for modern dams. However, where the site is not ns regular as it is 
in Fig. 5, ihe central angle may hnvc to vary somewhat to suit local conditions. 



2. Nomenclature. In the following, feet and pound units are intended. 


Cr 

d 

c 

E 
F 
h 
U 
P 
P i 
P' 
Pi 
P 
r 9 
r, 
r 
R 

R' and R" 
t 

a 

P 

4> 


— coefficient of thermal expansion and contract ion of eonerete. 
= location ol resultant at ahulnicnts. 

— eccentricity of rcsullant at abutments. 

= modulus of elasticity of concrete in pounds per squat e inch. 

— temperature drop in concrete in degm* Fahrenheit. 

= depth of water at any elevation. 

» chord length of arch at (lie in trades. 

= unit compressive stress by cylinder theory. 

« arch load eompressive stress at abutment by clastic theory- 
= 2H-dav compressive strength of concrete. 

= temperature compressive stress at abutment. 

■■ allowed maximum compressive stress. 

*= radius ot ext rad os of arch. 

= radius of intrados of arch. 

™ mean radius of arch. 

™ a constant representing the ratio p,/p. 

= horizontal and inclined total abutment thrust, respectively. 
= thickness of arch at any elevation. 

■* weight of wafer -= 62.5. 

= one half (he ccnlrnl angle of the arch in degrees. 

= angle Iretween abutment thrust and a normal to the radius. 
= angle of friction. 


3. Cylinder Method. In the cylinder method of design, stresses are com¬ 
puted on the bnsN of an mirestrained, thin cylinder of the same radius as the 
arch. Under this method, the unit stress in the arch may Ik- obtained from: 



ELASTIC ARCH METHOD 


V 


Wthr* 


t 


m 


However, Ihe cylinder method does not apply directly to arch dama for the 
following reasons. All dimensions of an elastic unrestrained cylinder reduce 
miller load. Rut the arch clam iH not a complete cylinder. The length of the 
arch reduces under load, but the abutments are fixed and the tqian l x remains 
constant. This causes bending moments in the arch with increased unit com¬ 
pressive stresses. For arch dams, particularly where the ratio t/r is large 
or when the central angle 2a is small, the resulting increase in stresses is 
considerable. For this reason either the elastic arch method or the trial-load 
method of design should be used for final design purposes- 

4. Elastic Arch Method. The water load oil an arch dam is supported 
not only by arch action, which transfers some of the load horizontally to the 
abutments, but also by cantilever action which transfers some of it vertically 
to the foundation. The division of the load 1 between the arches and the canti¬ 
levers cannot lie determined readily and, if considered acting simultaneously, 
must be analyzed by the laborious trial-load melliod explained later. 

The following adaption of llic elastic arch theory, for preliminary de¬ 
signs, ignores the assistance given by the vertical cantilevers. It also makes 
no allowance for the factors of shrinkage of concrete, plastic flow, moisture- 
volume change, Poisson’s ratio, and yield of abutments, hut considers stresses 
due to direct load and temperature changes only. 

Ignoring the assistance given hv the vertical cantilevers is on the conserva¬ 
tive side for the lower part of the dam but may actually increase the arch 
stresses near the top of the ilam, which is subject to stress transfer by the 
action of the canlilevers. However, this feature is compensated for bv extra 
tliirkiiess given to the upper arches, as explained in Heclion 9. Lubricated 
horizontal joints [91, lately placed in arch dam* close to the foundations to 
eliminate horizontal shear due to cantilever action, have proven successful in 
at least partially preventing the effccl of cantilever action. 

Stresses up to 1 15% of the 2K-day strength of the concrete, but not exceed¬ 
ing R00 lb per sq in., have been used in modern arch dunis designed by more 
exact analysis as explained in Chapter 13 of Engineering for Dana HI; but, 
for preliminary design*, made in accordance with the methods outlined herein, 
22 f /, of the 2R-day strength, but not exceeding 700 lb per sq in., is recom¬ 
mended for symmetrical sites, with somewhat lower stresses for unsymractri- 
ral sites. 

The following adaption of the elastic arch theory is based on equations 
developed by Professor William Cain [6, p. 522 1 for fixed-end arches and 
including the influence of shear. The maximum compressive stress in a hori¬ 
zontal arch slire of constant thickness is in the intrados at the abutment. 
Therefore, un arch with lessor thickness at the crown than at the abutment 
would prove more economical. However, for simplicity of calrulutions in 
preliminary designs, it is suggested that horizontal arch slices of constant 
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thickness be used and the intrados stress p t at the abutment be used for the 
criterion of design. 

Figure 3 indicates the ratio R of maximum compressive arch stress p t at 
the abutment obtained by the elastic method to the arch stress obtained from 
Eq. 1 by the cylinder method. It will be noted that, for a value of r/t - 10 
and a central angle 2a of 100 degrees, the arch stress according to the clastic 
method is 1.85 times that obtained by the cylinder method. 



Fig. 3. Coefficient R for arch design at abutment. 

Figure 3 was obtained by aid of the plotting of the Cain equations made 
by F. H. Fowler [3] and adjusted by consideration of the “secondary arch” 
theory, explained by B. F. Jakobsen [2, p. 1545], to compensate for the 
assumption of no resistance to tensile stresses. This tension exists for all 
values of R above the tension line shown in Fig. 3. 

The maximum compressive stress in the arch may be obtained by multiply¬ 
ing the stress computed from Eq. 1 by R, or 

,31 

t =. p] 

?* 


where R is obtained from Fig. 3. 










THE CENTRAL ANGLE 


5. Comparison of Cylinder and Elastic Methods. Dams have been 
detained by the cylinder method, using a ml action in allowed stresses to 
account for the luck of coii'Merntion of the elastic projKTtjes and tempera- 
lure change? in the concrete, a? previously explained. In fact, this method is 
still advocated by some for low, unim] tori ant dams. Howcvpt, the procedure 
is very in consistent localise the required reduction in allowed stresses is not 
constant at different elevations, being very small for the thin, slender arch 
slices near the top of the dam and very large for the thick, stiff arch slices 
at the bottom. In the example of Section 11, an allowed stress of 700 lb per 
sq in. is used for the elastic method. To act the same theoretical thickness 
by the cylinder inelhod, a stress of GiO lb per sq in. 20 ft from the top and 
ISO lb per sq in. at the bottom miH lx* used. Therefore the cylinder method 
is permissible only for the first approach in field studies where more accurate 
methods are nol conveniently at hand. 

0. Trial-load Method. For filial designs of important dams, particularly 
those located on unsymmetrical sites, the trial-load method may be used. 
This method includes all the conditions known to affect the stresses in the dam. 

At nu> point on the surlarc of the dam, the horizontal arch deflection must 
equal exactly the vertical canlilever deflection. If we had only one com¬ 
pletely loaded arch ring and one completely loaded canlilever, wc could easily 
determine the division ol the total load lietween the two elements of the 
structure. However, llii* relation being obtained foi one point, it must agree 
exactly with other pond* directly above, lielow, and on each side. Each of 
these other lour points lias, in turn, four other adjacent points to which the 
deflections must agree. A dam must be laid out by one of the simpler methods 
and the stresses determined, considering not only the stresses due to the 
water load but also those due to internal changes as above listed. The solu¬ 
tion can be obtained onl> by trial, assuming various divisions of load between 
arch and cantilever, and the re-ultant deflections, until Ihc defied ions of each 
arch ring at all points conform exactly to those of ihe vertical cantilevers at 
the same points. The problem is exceeding!} complex and will not be included 
here. It lias been used onl> b} government agencies m very important eases. 

7. Model Tests. Model testing of arch dams lias not Ik*ph developed 
to an extent sutlicieiit lor use as a substitute ten 1 analytical methods. Photo- 
elastic studies are useful chiefly n* a cheek under unusual conditions. 

8. The Central Angle. Jorgensen |4] has shown that the theoretically 
most economical central angle 2a of an arch dam at any elevation, when 
designed bv the cylinder method, is l.*l.T 34' under any combination or span, 
loading, and allowed stress. But, for the adaption of the elastic theory heroin 
use'll, the most economical central angle is somewhat linger. However, the 
best central angle depends upon the topography at the site, the silo shown 
in Fig. 11 lieing adaptable to a larger central angle than that of Fig. 5. Very 
few coiislant-centriil-iingle aicli dams have boon limit with a central angle 
exceedmg 110 degrees. They average not more than alxmt 100 degrees. 

The maximum practical central angle should be adopted. The use of any 
smaller central angle at any elevation is not ooiiH«*ton1 with economy. Thus 
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the constant-angle arch darn is the most economical and has been adopted 
for most modern dams. The constant-radius dam, which hus a maximum 
central angle at the top, varying to an extremely small central angle at the 
bottom, contains 50 to 80% more yardage than a darn having a constant 
angle. However, as explained in Step 12 of Section 11, both the radius and 
angle may have to be varied to suit local conditions. 

9. The Minimum Thickness of Dam. Aside from the thickness of the 
dam theoretically required to keep the stresses within allowed limits, the 
minimum permissible practical thickness, dictated by other features, is as 
follows: 

(<i) George E. Goodall (Consulting Engineer, Sacramento, Calif.) proposes 
that, to have an ample factor of safety (about 12) against buckling in llie 
upper horizontal arch slices, the thickness of the arch at any elevation should 
be obtained from the following equation |5], provided the allowed stress, 
computed as previously described, is not exceeded: 


l = 2 5r 



HI 


where E is Ihe modulus of elasticity of concrete in pounds per square inch, 
which may be taken as 3,. r [>00,000 for preliminary studies. 

(ft) The foregoing buckling equation results in zero thickness at the top 
of the dam. To confoim with conservative modern practice, the ratio of 
length of the arc to the thickness of the top of the dam should not exceed 
about 60 and at midheight should not exceed about 20. 

9A. Temperature Stresses. For prcl inn nary designs it is permissible 
to consider only the temperature stresses caused by the maximum possible 
average temperature cinq) F in the concrete after the vertical ennstruction 
joints are grouted. If the joint* arc grouted when the dam is at its mean 
animal temperature, the tenqM»rnturo drop may be taken from the following 
empirical equal ion 111 ]: 


F 


JM0 
t + 8 


[4-l| 


If the dam can be completed before the loginning of winter, left out of 
service during the cold season, and then the vortical joints grouted before 
tilling the resorvuir, the temperature drop will be reduced to a minimum. In 
such cases unc-li.df the value* of F in Kq. 4 A may Ik* used. Excessively thick 
arch dams should be artificially cooled. 

Stresses caused by temperature changes vnrv directly, not only with llie 
temperature change F, but also with the coefficient of thermal expansion and 
contraction C F and the modulus of elasticity E of the concrete. For approxi¬ 
mate designs, values of C v — 0.000006 and E ~ 3,300,000 lb per sq in. may bo 
used. 

Figure M (Fig. 21, Chapter 13, of Engineering for Dnm* [ID has been 
calculated with these values and also on a value of F = 10. Thus the value 
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of ?Pj,E used in the calculation was equal to 200, for other assumed values, 
multiply the stress gi\en m the figure b\ the ratio of the assumed valuo 
of &( jE to 200 Although Fig \A w h obt cinod origin ill\ on the assumption 
that the concrete and abutment* wiJl iesist tensile dresses, it is probably 
sufficiently accurate for pielnmnaiy designs 



10. Design of Constant-angle Arch Dams. In tlie design of const uit- 
mglc udi dims, each hon/onl d mb slur is roiiMcIried sc pur itch ind its 
thukiiess dot mi mod irom Tq 1 and Section 0 1 It icinim" then to pi arc 
each .uch dice in the cornel portion nhti\e to the irehes iIkjvc and below 
it The fin il air ingc menl will t on-i^t of a downdn im ns eih ing it the highest 
put of the dam and an upslieun oveihmg nc u the abutments 
A downdroini oaoili mg is not obiotliouiblt, as the icsiilting tendency to tip 
is resided bv aroh action An unsuppoitocl upstieim ovorlnng is olqcction- 
able is it 1ns *i Undents to tip aw ty irom the areh A biiggesled method of 
accomplishing the best anangcuieut is gi\on in the ne\t section Some engi¬ 
neers pic leu tint the oxcihaug slnll not exceed an amount that will cause the 
result int ol forces it am section, with cmp1> ro-nvoir, to fall witlnn the 
outside Vi oi V» ol the base Vcrtic il stresses due to overhang m large (lam* 
mud of course be imesUgated 
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11. Explanatory Example. Figures 5 and 7 represent a contour map 
of the site, the contours for this hypothetical caw lieing assumed parallel for 
simplicity. Figure 4 is a cross-section of the site. In an actual design, 
Fig. 4 is not necessary. If used it should show the chord length measured 
from the intrndos at each elevation instead of a cros-j-wction in a single plane. 

It is required to design an arch dam for this site in accordance with the 
following assumptions: 

p' — compressive strength of ronrrelc at 28 days, 3200 lb per sq in. 

P = allowed maximum cunipicmbive stress for preliminary dmgns, 22% of 
3200 — 700 11» per sq in., or 101,000 lb per sq ft. 

tea -* weight of water, 62.5 lb i>er eu ft. 

2a * central angle, 100 degrees. 

E « modulus of elasticity ol concrete, 3,330,0(K) lb j>er h<i iu. 

F * tempcralure drop, 10 degrees F. 

Cr * coefficient ot thermal contraction, 0.000006. 

The radius of the intrude* of the arch at any elevation is equal to 


= - * 1 n 

r ‘ 2 Hin a “ 1.532 M 

S(<I) 1. Coiiqmto the required thickness and radii of arch at several convenient 
elevations ss shown in Table 1. By the rut-and-hy uirthod, a value of t i- 
found for Line 5 Mich that the value oi P in Line 12 will equal 101.000 lb pci 
sq ft. 

TABLE 1 

Computations hik Tiieuketu \u Tim knksh 


1. Elevation 

100 

J20 

140 

100 

180 

200 

220 

2. h 

120 

100 

HU 

00 

40 

20 

0 

3. f, 

H0 0 

100 7 

133.3 

If *0.0 

180 7 

213 3 

210.0 

i r. (Ei, 5) 

.12 2 

0*1.7 

87.0 

101 3 

121.8 

130.0 

160.0 

5. AHh uincd 1 

21.2 

21 (i 

10.2 

0 0 

4.8 

2.0 

0 

6 r » ii + ( » 

02.8 

80. V 

00.0 

108.8 

121 2 

140.0 

160.0 

7. r P - r, + ( 

73.* 

111.3 

10ft 2 

113 3 

120.0 

111.0 

160.fi 

B. t r 

2 »<* 

3.72 

:> cm 

12 10 

26.80 

70.30 


y. H (Fig 3) 

2.1*2 

2.00 

2 47 

1.73 

1.37 

1.10* 


10. pi fKq 2) 

08 000 

08, OtK) 

08,000 

HI .v(K) 

80,000 

07,(XX) 

0 

11. ptibiK 3-1) 

32,400 

33,000 

33 000 

10.600 

io r*oo 

1,IXK) 

0 

12. P ** Pi -f pt 

101,000 

101.noo 

101,(NX) 

101, (XX) 

101, (XX) 

101, (XX) 

0 


* KxtraiMilHtnrl, duct not govern. 


Stop 2 Referring 1o Fig. 5, druw the are 1-2 rcpicxcuiuig the theoretical zero 
top tlihkncss of the dam, with center at pninl 3. 

Step 9. In order to avoid ail excessive upstream overhang near the abutments, 
assume a dnwnstioum overhung at the eentei of the duin of 7A ft which is about 
6.3% of the height of the dam. If this overhung is not sufficient, the calculation 
must be repealed with a gieater overhang. Such downstream overhangs up to 
16% have been used. Lay the 7.5 ft overhang o(T as distance 2 4. 

Stop 4 . From Table 1 at Elevation 100, the bottom of the duin. lay off 4-6 
equal to r r and diuw intrudes me 4-5. 

Step 5. Lay off equal intervals between points 6 and 3 to represent centers of 
arch for each elevation shown in Table 1, 

Stop 6*. Draw the intiadoH airs for eaeh elrvulion. 



explanatory example 



Fit, 5 Lint"! of inti.idos loi ovunplo 
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Stvp 7. Take sections hr indicated in Fig. 5 iiiwl plot (hr downstream face of 
(lie dum an in Fig. 6. 

Jfiftp 8. On Section A A of Fig. 6 plot the required theoretical thickness t gov¬ 
erned hy allowed stresses from Table 1. 

Step 0. Fimu Eq. 4 lhe required thickness In prevent buckling in 

jw-f'*' - ■)] - j** M 

Compute the buckling criteiion as shown in Table 2. 

TAIITjE 2 


Com IMITATIONS FOR llrrKLlNIi ( 'lUTHIIION 


Elevation 

100 

120 

140 

160 

h 

120 

100 

80 

00 

w 

4.94 

4 04 

4.31 

3.92 

r, (Table 1) 

52.2 

09.7 

87.0 

101.3 

Assumed t 

2.40 

3.01 

3.50 

3.80 

r - r, + 1 2 

53.3 

71.2 

88.7 

100.2 

t 

2.40 

3.01 

3.49 

3.80 


Tlies* 1 thicknesses are plotted in Fie. ti bv :i dotted line. 

Sh p 10. Plot the uerehhiirv thickness fur perniissible slenderness lalin from 
Section 9(h). At the top of the dam the length of the arc is 273 ft and the per¬ 
missible thickness is 273/GO - 4.50 ft. For practical reasons, to give nnqilr walk¬ 
way, the top will be made G.O fl. 'Dus is plotted on Section AA of Fig. 6. 

In the same wav, the length of the arc at midheighl or Elevation 160 is 182 ft 
anil the required thickness at that elevation is 182/20 9.1 ft. Since the theo¬ 

retical thickness is 11.0 ft, no adjustment need be made. 

It will be noted that tin* thickness required to prevent buckling is not a gov¬ 
erning condition for this particular example. 

Step 11. Plot on Section of Fig. 6 the enveloping "piuetical profile ” 

Slfp 12. ITso the practical pinfilc to plot the other sections in Fig fi. It will be 
linliccd that the upstietiin overhang iH too greal in the vicinily of Section 1)D. 
There are three remedies for this condition: 

(a) Increase the downstream batter at Section AA. 

(h) Thicken the lower puvt of 11n* section as shown. 

(r) If tl»i«* required thickening is al an elevation that is below the influence 
of the “practical profile," increase thr radius in the vicinily of that devia¬ 
tion; tins will lesull in a required increased thickness of arch ring. 

Step IS. From Figs. 5 and G draw the final plan of the dam as shown in Fig. 7. 

12. Conditions at the Abutment. An approximate Incur ion, d, Fig. 8o, 
of the horizontal component of the resultant force at the abutment, can be 
obtained for any elevation from Fig. 9, us explained in Table 3. 

The direction P, Fig. Sr/, can lie obtained from Fig. 10 as indicated in 
Table 3. Values of d/t and P from Table 3 arc plotted in Fig. 8a. 

The location of the resultant and the stress at the inlrados lieing known, 
the amount of the resultant R cun easily be determined. If the stress in tlio 
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(6) Profile 

Fig 8. Abutment minlilmns 


TAHLL3 

ClIMJ'l I ATKIN h »OK LOCATION OF RLbUUTANT FORCTJ VT Ani 1 Ml NTS I OR KX\MPJL 


Elevation 

100 

120 

HO 

100 

180 

200 

220 

t (Piat tual, Fig 6) 

10 7 

20 J 

17 8 

11 

8 0 

7 0 

6 0 

r, (Table 1) 

52 2 

W) 7 

87 0 

104 3 

121 8 

130 0 

156 0 

r (Practical = 
r, f [f/2]) 

62 05 

70 75 

05.9 

109 8 

125 8 

142 5 

150 b 

r/t 

3 15 

3 07 

5 38 

9 09 

15 72 

20 30 

26 61 

d/t (Fig 0) 

0 201 

0 210 

0 200 

0 350 

0.400 

0 420 

0 440 

d - (d/t)t 

3 m 

4 22 

1 63 

3 02 

3.20 

2 91 

2 64 

B (Fur. 101 

10 6 

14 0 

8.0 

4 0 

1 5 

1 0 

0.5 
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abutment ip to be reduced, n fillet, fcliown by line 1-2 in Fig. 8tt # can lie iwcd 
and the decrease in the unit procure determined. 

Figure 7 assumes, as is usual, that the abutment excavation \< made radial. 
However, the excavation need be made only to a line such as CC in Fig. 8a, 
provided the following criterion is adhered to. 

Tn Fig. S h let IF represent the total weight of concrete between the vertical 
radial planes 1-2 and 3-4. Let /?' represent the total horizontal thrust (Fig. 
Sa) between two horizontal plane-, parsing through ]ioints 2 and 3. The re¬ 
sultant of W and R' is represented by R ", which lies in the vertical plane 
through R ' shown in Fig. K«. 

The component ol /?" parallel to the plane C-C-2-3 of the excavation 
must be resisted by (lie shear-friction strength of that plane, as indiealed in 
Section 1(1 of Chapter J7. If the shear-friction strength is insuflicicnt, it will 
be necessary to step or roughen the foundations. 

This criterion must also be applied to any s(ratifications and joint or fault 
planes beneath the surface of the excavation that are free to slide. 

13. Earthquakes. The effect of earthquakes on arch dams is not well 
known. The most severe effect on the dam it* when the earthquake ads m 
the direction of the chord of the arch, since it throws an eccentric loading on 
the arch. The effect of the inertia load of the concrete ran he determined, 
but tlie nature of the added load clue tn the inertia of the water is not known 
Should an earthquake be exiiecled to occur at the dam site, an allowance for 
the increased water pressure niav be made approximately by assuming radial 
action and increasing the value of u\ 2 h in Eq. 3 by the unit inertia of Ihe w r ater 
p r from Eq. 13a of Chapter 17 pin- the inertia of the masonry from Eq. 13 of 
that chapter, and assuming both to act radially. 

14. Spillway Arch Dams. For spillway arch dams, the top is shaped to 
lit the jet of water as explained in Section 33 of Chapter 17 and the jet i- 
allowed to spill freely. Ample* aeration under the jet should be provided, 
and the foundation should be protected from the lading water. The spillway 
should be confined to that pait of the dam which has a level foundation to 
avoid a flow of water down the abutment at the base of ilic dam. 

The depth of taihvater required to prevent erorion of the foundation i« dis¬ 
cussed by Attore Sciincmi on p. 10Ki of the 1947 Trans. A.S.C.K. A *uflicient 
depth is sometimes provided by the use of a small auxiliary diun at uny con¬ 
venient place Mow the arch dam. Such an auxiliary dam was used at 
Culderwood. (See Fig. 24, p. 82 of Ref. 1.) 

15. Ice Thrust. Arrh dams should, of course, be proportioned to re¬ 
sist ice pressure. The ire pressure (Section 8 of Chapter 17) may Ik 1 con¬ 
sidered to art radially and may l>e taken by a portion of the arch equal in 
height to twice the thickness of the arch plus the thickness of the ice sheet. 

10. Example. Figure 11 shows a layout of the Lake Loveland arch dam. 
The feature of this dam is the mmbual extent of downstream overhang. 



393 



CHAPTER 19 


BUTTRESSED CONCRETE DAMS 

(Including Flat-slab, Multiple-arch, and Round-head 
Buttress Type of Dams) 

1. Description. Hollow buttressed dams of numy types have boon con¬ 
structed, the usual typo consisting of a scries of parallel, equidistant oonoreto 
buttresses covered by a watertight considerably sloping upstream face and, 
for spillways, a downs!leum face and bucket to support the sheet of spilling 
water, all constructed of reinforced concrete. 

Buttressed dams have been constructed on good rock foundations to 
heights considerably in excess of J(KJ ft. All buttressed dams on earth 
foundations should lie low and conservatively designed, as unequal settle¬ 
ment is sure to rausc stresses for which provision cannot lie made in the 
design. 

2. Advantages and Disadvantages. Because of the considerably sloping 
upstream face, the large vertical component of the water pressure i* available 
to assist stability, so that less weight of concrete is required than for solid 
dams. In addition, the uplift on Hie base 1 of buttressed dams on rock is usu¬ 
ally less, as dcsrrilied in Section 4. 

The lightest type of buttressed dam usually requires only .TO to 40% of the 
concrete necessary for a solid dam. On the other hand, the buttressed dam 
requires more cement jht cubic jard of concrete, more costlv formwork, and 
more exjieu.se in jilncing concrete, ami the dam must be made of reinforced 
concrete. 

More skilled labor is required for constructing buttressed dams than for 
solid dams. Wages have increased proportionately so much more than the 
co«t of dam building materials that, by 1948, the choice of a buttns< dam 
had lost much of its earlier apparent economy, even where the cost of cement 
was great and other construction materials wore scarce. 

There have been many unfortunate experiences with buttressed dams in 
climates subject to seasons of alternate freezing anti thawing. The rela¬ 
tively thin face slabs or a relies absorb headwater, and then the rourretc 
sometimes disintegrates rapidly. There are available several means of alle¬ 
viating this trouble, such as walerjirooting the upstream face or using down¬ 
stream curtain walls or space healing, but nevertheless the hazard from 
freezing and thawing of the face slabs of buttressed dams is a considerable 
deterrent to the use of such dumb in temperate or frigid climates, or even at 
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1HL UPSTREAM l)TCk 


very high ole a itioiis m tJio tropics Ihis disidv mtigo does not ippl) fully 
to the round-he ul buttress lxc msc oi the llaekucss of its he uk or ro any 
buttressed dim mhos l f lee slib is pulcctlv w iterpiootid if suih exists 

3. General Design ljxunplcs oi bullicsscd dims are given IkIovv The 
gemnl thcoiv of design ilic ul\ stited ior solid dams mill ipply dko to 
buttressed dims The litter, however, 
idniil oi no elitect economic d methods 
of design the dupe oi the but'iews, 
t*\pc oi decking, and other clctills are 
worked up in leeorduiee with the pidg- 
nicnb oi the designer, tnel the stiueturc 

is testeel ior (onioning with the rules of (a) Simple slab deck 

design given for solid dims 

4. Uplift Buttressed duns on c nth 
provided with fouuel etion sides to re due e 
unit be iring pressures i** in \ nr *5 uc 
subicet to cxietlv the siine uplift pres- 
-.iiies is solid d ims be e uisf without \ e ut- 

eill to impervious nnterii] the snull (6) Continuous slab deck 

length ni llie pith of peieohtion eloeb 




not permit druns in the slibs 

When tlu dun is em renk end loes neit 
lupine spn id footings he ulw ilei uplift 
is iisii illv nrglcfteel bee msr oi ilic i isv 
cm ipc of found etion pressure How¬ 
ever whcic the link js h ible to uplift 
pres lire - em hmi/onlil se mis the ioun- 
elition should be drilled lui druviige 
5 Cutoffs and Seepage. II the foun¬ 



ts Round head buttress 


ditiem is porous the upstie nn uitoii 
must Ih e iriieel to in impervious Mi itum 
or if this is not possible the foumlition 
slib must Iw designed feu njdilt ind 
undo of siifheicnl length to piovulo the 
iee|iiind peieeil itieui ilisl mcc (StoClnp- (d) Multiple Arch 

ter for tre ifmtnt oi poious loundt- ju g 1>prs of buttress dims 
tions) 

6. The Upstream Deck I ho dock or sloping f icc on the upMroim sielo 
in mini existing buttussed eluns his in mgk of melinition with the veiti- 
eil of ihemt U> ele^iees but semio designers use ingles up to 55 degrees oi 



oeeisionilh run luger ingles 

Figures 1 mil to show tv pie il dc tills of i simple flit slib eleek most com- 
inonh used Jhe curved undei-ide of the eleek, shown in Fig 2 js seldom 


used now I ho iction of the continuous eloek shown in Tig 16 16 not 
adapt iblc to uiiequil settlemont of fouuelitions uid does not piovidc for 



3 SOT. 



(Enginn nnq for Dnmi by Hinds. Cirasei and Justin) 


















THE BUTTRESSES 


expansion joiiitH. Figure 3 c shows the round-headed buttnw type. The 
buttress heads are enlarged to full span width, and the fares arc curved in 
such a manner that the water pressures are directed radially to tile but¬ 
tresses. The buttress heads are sometimes not reinforeed, but an exact 
analysis will show the necessity for some steel reinforcement ai places where 
tension occurs. 

Figure 3rf shown a multiple-arch type of face. ITie water load is taken 
by a series of inclined cylindrical arches which span the spares lietwcen the 
but tresses. This deck should l>e designed by the clast ic arch theory, it l>eing 
remembered thut the decks are designed in normal slices and, for each slice, 
the crown i* at a higher elevation than the haunch. Consequently, the load¬ 
ing mil be less per square foot at the crown than at the hauncli. Thw i« an 
important consideration, particularly near the top of the dam where the 
maximum percentage difference occurs. 

The central angle 2a has varied from 100 to 1R0 degrees. 

7. The Downstream Apron. For hollow spillway dams of ronrider- 
nblo height and those on foundations susceptible to erosion, the dam is pro¬ 
vided with a downstream apron, shaped to fit the sheet of spilling water 
corresponding to the maximum flood to be expected. 

The shape of Ihe downstream apron and the bucket should conform to the 
criteria indicated in Chapter 17 for «olid concrete dams. The apron, and 
particularly the bucket, should be of ample thickness and well reinforced to 
withstand the impact of ice, tree*, and other objects which may pass over the 
rrc<t. The usual criterion is to use at least the full normal coinjHment of the, 
weight of the overflowing jet with allowance for impact on the bucket. 

If an apron is provided, provision should be made for thorough ventilation 
of the interior of the dam by means of openings in the buttresses and an 
open shaft at each end. The interior of the dam should be well drained to 
pre\ent the aeeumulatinn of leaks from heudwulcr. 

8. The Buttresses. The design of buttresses should follow all the ruloR 
of design set forth for solid concrete dams in Part C of Chapter 17. In addi¬ 
tion they must conform to the design rules for concrete members, consid¬ 
ered as bearing walls, with standard allowed minimum thickne 5 ^ and a stand¬ 
ard reduction m allowed unit stress where the unsupjiorted length exceeds 
a specified amount. 

The sparing, tliieknesH, inclination, nnd olher detail^ of the buttresses and 
dork arc adopted tentatively, and the dam is tested for conformity with the 
rules of design. 

Rule J may necessitate a change in the length of the buttresses, either by 
flattening the slope of the downstream end to increase the length of the Iwiso 
or by flattening the slope of the upstream end to increase the vertical compo¬ 
nent of Ihe water pressure, whichever seem* the more expedient. 

Rule 2 may require additional weight, which can best be obtained by pro¬ 
viding a flatter batter to the upstream face. 
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Rule 3 inuv roquiio an increase in an»a of buttresses by thickening or 
lengthening oi both When udinHtmg the 1 unit compressive stresses m hon- 


\"(p Cor Bars, lapping 18 
Bars laced with No ] 


0 Cor Bars 
at Butt (fc 


El. 1693 



11 *0Cor Bars. I. ip, _ J 
12* C to C r 1 



5, 1> Cor Barsj 
lapped 36* 


1*0 Cor Bars, 
lapped 30 


Buttresses 13 6 
Struts and Deck 1’2 4 
Buttress reinforcement 1 *$ Cor. Bars, 
two in each course, lapping 36* Three 
inches between steel 
3 and face of buttress. 


Column reinforcement (l*0Coi. Bars) 
made continuous by 24* lap at lift 


^ r IZL£tJ l T?K 
(- 6'4-6'~| \ 


E 



1*0 Cor Bars f- 6' »+- 6' H ‘•Jg'0 Cor Bars, 24' C to C 

Section B-B 

Fiii 5 Di I ails of M.it Ins Dike* D.mi (Km/ lV'cves, Vol 74, p 592) 


zontnl joints and the* Imoo, tin 1 horizontal hum oi the doeL should bo moluded 
in the aron subjected to stress This will Ik* on the coupon a live side foi 
stresses at the douiv-tipun faro which govern tho design Tt mil not bo on 
the roiKservalivo side at the upstream face, but tho btrews nt that place are 
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Typical Cross Section on Center Line of Arch 


Wall Widths at Fillet Line Equal r-6* 


plus 3" for Each 10' Below El 755 
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Typical Horizontal Section Through Buttress at El. 695 


Fig. 6. Pensacola Dim. feat uimg hollow butt jesses (M G Fullei, in Eng. 
N< U">-R( ( . Feb. 1, 1940, p. 12) 


available The Don Martin dam, of tine, type, li id a spacing of 29.5 ft, with 
fi It 7 in thick buttresses. Mulhplc-aich buttress spacing (Fig. 3d) is quite 
variable, iangina, m general, from 30 to 00 it In general, the most eco¬ 
nomical placing of buttresses inerwiw with Ihe height of the dam. 
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Where the span of the multiple-arch dam is great, the buttresses are some¬ 
times hollow reinforced concrete as in the Pensacola dam, near Claremore, 
Ok la., indicated in Fig. 6. 

Many buttresses have lieen constructed without buttress reinforcement. 
Generally, these buttresses have cracked, some so seriously as to require 
extensive bellerments. Others have had reinforcement only at intervals, as in 
Figs. 1 and 2, and no cracks have appeared. Still others have had shrinkage 
steel up to 0.3 of 1%. 

Shrinkage cracks tend to occur in the buttresses They usually run some¬ 
what in the direction of the planes of minimum prinripul stress, diagonally 
from the base towards the deck. Ample standard shrinkage reinforcement 
should be provided in the buttresses. In the Possum Kingdom dam, con¬ 
traction joints were provided ns indicated in Fig. 7, to influence the direction 
of the cracks along planes of zero shearing htress. 

The buttresses an 1 , in reality, thin walls quite heavily loaded. Where the 
stresses are high, the unsupported length should not exceed 10 times the 
thickness. Where the stresses are 50% of allowed stresses, this ratio may be 
increased to 15. 

The unsupported length of buttresses is reduced by the use of struts, as in 
Figs. 1 and 2, or by pilasters as in Fig. 4. 

Open holm in the buttresses are convenient for the passage of men and 
materials (luring ron«ti notion; and an inspection gallery is sometimes pro¬ 
vided unless, in Ion' dams, access to the interior may be had from the down¬ 
stream side fll ground level. 

The upstream edge of buttresses follows, of course, the slope of the deck. 
The don list mam face, for non-overflow dams, i« battered only to eonfonn to 
designing rules as previously explained. The hatter starts either from or 
slightly below the top of the dam The downstream face for spillway dams 
conforms to the shape of the spillway a [iron. 

On soft foundations the buttresses may lie provided with concrete spread 
footings. These footings are sometimes of sufficient width to provide a con¬ 
tinuous concrete mattress under the dam, as in Fig. 5. 

Wind pressure, which is neglected in other dams, may merit consideration 
if a diagonal wind of high velocity can reach the downstream side. On high 
thin buttresses, such pressures may increase 1 the danger of buckling. Be¬ 
cause the wind cannot strike the buttress face normally, a pressure of 10 lb 
per sq ft over a width not exceeding the clear distance between buttresses 
should bo safe. Authoritative data are lacking. 

9. Allowed Stresses. Stresses and design specifications should eonfonn 
to tlie latest issue of the Joint Committee for Reinforced Concrete Design.* 
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EARTH DAMS—GENERAL PRINCIPLES OF DESIGN 

1- Introduction. The* discussion present eel in Chapters 20 to 22, inclu¬ 
sive, is confined 1o a general synopsis of the subject of earth dams and is 
nil ended to provide sufficient data for the engineer to prepare preliminary 
designs and estimates. For a more extensive treatise on the design and 
construction of earth ilmiv*, the reader may consult Refs. 2 and 3 of Section 
21) Many of the data given in Chapters 20, 21, and 22 are taken from these 
references. 

2. General. A safe earth dam ran be designed and built for almost any 
given site and foundation ennditum by utilizing a wide range of earth mate¬ 
rials. The author** believe that the const ruction of any earth dam requires 
a working knowledge ot the science of soil mechanics to determine and analyze 
foundation conditions and available embankment materials. Dam engineers 
are rapidly Incoming more scientific and less rigidly Ixmnd by precedent. 
The change is all m the right direction as long as (here is a projier balance 
between the practical and the theoretical 

Preliminary field investigations lire a prerequisite for the design and ron- 
s( met ion of earth dam-* The tvjieH of investigations and methods of execu¬ 
tion are discussed in Chapter 7, “Investigation of Sites 11 

3. Advantages and Limitations of Earth Dams. When plenty of ma¬ 
terial* arc convenient to the site, earth dams can usually be built at consider¬ 
ably lower cost than iinv form of concrete gravity <lam. The use of this 
type, however, is often limited by the necessity of providing a more suitable 
spillway Tor the passage of floods. It is not safe to allow* water to spill 
dircelly over the earth dam, even if it is W'cll paved, mile** the volume of the 
flood per linear foot of crest is small. Therefore a spillway of more suitable 
character is a necessary adjunct, Some spillway* would require most, if not 
all, of the axiiilublr length of the dam, in which raw an earth dam would be 
out of the question. 

The* quantity of seepage through jiervions material is inversely proportional 
to the distance the whaler is required to travel. An earth dam, having the 
longest base in proportion to the height, is particularly adaptable to sites 
having pervious foundations. 

With proper maintenance, the earth dam should he ns permanent as the 
best. The necessary maintenance charges become rapidly less as the struc¬ 
ture settles into it* final posilion and becomes well compacted, tight, and 
overgrown w T ith proper vegetation to withstand wash from rains. 
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Earth dams possess a distinct advantage in landscape work whore it is 
desired to change the natural appearance of the site ns little as possible. 

4. Foundations. Ledge rook foundations for small dams seldom give 
cause for concern except that in some cases they may require grouting. 
Foundations of earth dams are often more or le<s recent alluvial deposits 
which have not been consolidated under any malerial load. Coarse sands 
and gravels in the foundation of an earth dam give no trouble with regnrd 
to stability f liecause, although they may not lie consolidated, they will 
promptly consolidate ns the load is applied. 

For very fine and uniform sands great caption is necessary. If they are of 
less than critical density* they may, when saturated under load, flow almost 
like n liquid if activated by some disturbance as, for instance, an earthquake 
or even blasting or the passage of trauiH. Ordinarily any coliesionless mate¬ 
rial which has dry unit weight of le^ than 90 11) per cu ft is susceptible. It is 
possible to consolidate such a foundation to a poinl where its density is 
greater than the rritirnl and the foundation i* tlni^ no longer subject to flow- 
on disturbance 1^1 ■ 

A plastic clay foundation in an earth dam is usually the type of founda¬ 
tion which requires the greatest amount of study and investigation in order 
to obtain unquestionable safety. Frequently extremely flat slopes inmt be 
used for the earth dam built on such a foundation in order to keep the 
stresses in the foundation sufficiently loss than the strength of the material 
to provide a suitable factor of safety. 

The condition of the foundation is one or the important factors in choosing 
a dam site. Ollier things being equal, one would choose the dam site with the 
best foundation conditions. Over-all economic considerations should govern 
the choice of site For instance, one might choose a site having a foundation 
of plastic clay to a considerable depth because, in spite of the flat slopes 
that would lie required, the site would i>enmt a much shorter dam, so that 
the total cost of the dam at this h ite would lie materially less than that for a 
dam with smaller ero^s-section at another location. 

5. Materials of Construction. Earth dams have been built surccsfr- 
fully of loose rock, gravel, sand of all degrees or fineness, silt, rock flour, and 
clay. Became of the very much greater quantities of malenals invoked for 
an earth dam, the materials must come fiom tin* borrow pits and quarries 
close* to the site to avoid prohibitive cost. Of course, if the site were in a 
rork canyon with no earth at all near by, very little consideration would be 
given to an earth dam. One would probably bmld either a concrete or a 
rock-fill dam. 

For earth dams built in rolled layers, materials high in Kind and gravel 
are suitable for the downstream i>ortions of the (him and materials of a fairly 
impervious nature are desirable for the upslmun portions. For h> druidic. or 

* Critical density of h colicsionlcss material is that density ni winch there is 
no volume change with a fiuthri increase in defurination under loud. 
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semihydraulir fill, earth dams, sand and gravel with some rocks and boulders, 
rock flour, and silt arc suitable materials (sec Section 11, Chapter 22). 
Enough fine's* should lie present in the available material to form an imper¬ 
vious core. Though it is desirublc to have available ample quantities of both 
pervious and impervious materials, it is entirely practical to construct a dam 
almost entirely of either class of materials. 

0. Design to Suit Available Materials. In the interest of oronomy the 
design of an earth dam should lie adapted to the utilization of the materials 
available at or near the site. Thus, if nothing but hand is available near the 
site, then the adopted design should utilize this sand for the bulk of the dam, 
limiting the imported material of concrete, clay, or silt for providing an im¬ 
pervious member to the minimum required. 

Home common tjpes of design suitable for the stated materials available 
and the given foundation conditions arc presented in Sections 7 to 11, inclu¬ 
sive, and should not 1 h? considered as representing actual designs. Actual 
designs for a given condition should be arrived at only us the result of fifld 
investigation, analysis, and study. 

7. Suitable Design with a Sand Gravel Material. In Fig. 1 is shown 
a suitable design for a site where mulling except sand gravel is available. 
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A thin rcinforced-conerete core wall 1 to 3 ft thick might Ik* substituted for 
the sand} clay core if less expensive, hut it would not Ik? quite aw desirable 
because the windy clay core would n(1 just itself more readily to any slight 
movement and would also be tighter than the concrete. 

The drainage conditions for such a design would be excellent. The rutoff 
through the foundation would make the downstream portion of the wind 
gravel forming that foundation available as a drain for the slight amount of 
seepage water which did get through the core. Afler passing through the 
core, the seepage lino will drop promptly to the Inundation. The up-dream 
slope is somewhat flatter than the* downstream slope in order to take care of 
possible drawdown pressures. 

8. Suitable Design with Clayey Silt and Coarse Sand Materials. 
Figure 2 shows a design suitable tor a site where both clavev silt and coarse 


2' of Dumped Stone 
on 12" of Gravel 


3* of Dumped Riprap" 
on 12" of Gravel 



Original Ground 
Surface 


Impervious Stratum 


Fin. 2. Suitable design for n site where both clayey silt and coarse sand are avail¬ 
able and where foundation is pem'ous for depth of 50 ft. (Note: Sleel sheet 
piling might be ruMi luted for foundation cutoff.) 


]K*rvious sand an* available iri adequate quantitiis in boirow pit* near the 
site. As in Fig. 1, both drainage and stability conditions are favorable. The 
impervious stratum 50 ft below the base of the dam has adequate shear 
strength. The foundation cutoff lea\es the pemous foundation downstream 
from the cutofT available as a chain for an> watei that gels through the core 
or cutoff. 

9. Suitable Design with Clayey Silt and Coarse Sand Materials for 
an Impervious Foundation. The design in Fig. 3 is suitable for a site 



Impervious Foundation 
Consolidated Clay 

Fig. 3. Suitable design for a site where both clayey sill anil course hand are avail¬ 
able ami when* the foundation is impervious. 


where both clayey silt and coarse Kind are available in adequate quantities 
and where the foundation is impervious (cither ledge rock or consolidated 
clay). In this case it is evident that Ihe water that does get through the 
relatively mqjorvinua central section of the dam nurd appear at the down- 
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stream face or toe because it cannot enter the foundation. Hence, to prepare 
for this condition and to avoid the possibility of sloughing due to saturation, 

a rock toe with u filter consisting of smaller stones with gravel and sand just 

ahead of it to protect it against impregnation is utilized. Even without going 
into the design from h quant it alive standpoint, it is evident that seepage 
wdl lie entirely insignificant 

10. Suitable Design with Sand Gravel and Clayey Silt Materials for 
a Highly Pervious Foundation. In Fig. 4 is shown n suitable design for a 
site where both Mind gravel and clayey silt are available and when' tho 



Fm. 4. Suitable disign for a site where both h;ui< 1 gravel and clayey wilt arc a* ail- 
able and foundation it> highly peivious to u grnit depth. 


foundation is highly pervious to a groat depth. A blanket of clayey silt, 
which is very impervious as compared with the sand gravel of the founda¬ 
tion, is earned from the impervious core upstream under the upstream shell 
and e\tended for a distance 1 frequently 10 or more limes the head upstream 
from the upstream toe of the dam. Such blankets cut down the seepage 
materially by forcing the water to pa** through several times tho distnnee 
which it would have to pass llmmgh without the blanket. 

Under conditions in Fig 1 the foundation will be full of seeping water, and 
to take can* of seepage a tilter Inver at the base, which is even more pervious 
(hail (he sand gravrl of the foundation, is pro\idcd. 

11. Suitable Design with Silty Clay Materials for an Unconsoli¬ 
dated Clay Foundation, lu Fig. 5 F shown an earth darn design which is 


Max. Headwater- 


Sodded Slope 
on Top soil 

/ 



3^ Dumped Riprap 
on 12* of Gravel' 


Filter of 
Sand Gravel 
r (Imported) 

Rock Toe 


Plastic Silty Clay 
(Largely Unconsolidated) 


F 10 . 5. Hint able donum for u silo when 1 the only embankment material available 
is n silty clay und where the foundation consists of a silty clay which is largely 

unconsolidated. 

suitable for a site where the only material available is a silty eLay and where 
the foundation consists of a silly clay which is highly unconsolidated. 
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In this case llic upstream slope is flattened to take care of rapid drawdown, 
and also in many eases the flatness of both slopes is determined by the re¬ 
quirements for spreading the load so that the maximum unit stress induced 
in the foundation will be less than (he shear strength of the plastic material 
in the foundation with a fair factor of safety. 

It will lie noted that a iilter layer is placed on the foundation under the 
base of the dam except near the upstream toe. The filter layer of sand 
gravel may lie “run of bank devoid of clay," as it will surely be vastly more 
]>crvious than the silty clay. This iilter layer lias two particular functions: 
(1) to provide drainage for the small amount of seepage and thus prevent 
any possibility of saturation of the downstream face and (2) by providing 
drainage for water squeezed out of the silty play by tin* loading added during 
construction, it lias a marked effect in accelerating consolidation and lienee 
hastens an increase in shear strength of the foundation material. 

12. Requirements for the Safety of Earth Dams. The practical cri¬ 
teria for the design of earth dams may be staled briefly as follows: an earth 
dam should Is* so designed that 

1. Then* is no danger of uverlopping (i.c„ sufficient spillway capacity and suffi¬ 
cient freeboard) (Section 13). 

2. The seepage line is well within the downstream face (Section 14). 

3. The upstream face slope is safe against sudden diawdnwn (Sections 4 and 
6, Chapter 21). 

4. The upstream and downstream slopes are flat enough so thal, with the 
materials utilized in the embankment, they will lie stable and show a satisfactory 
factor of safely by recognized method* of analysis (Section 6, Chapter 21). 

5. The upstream and downstream slopes of the eailh darn are flat enough so 
that the shear sirens induced in the foundation is enough less than the shear 
strength of the material in the foundation to insure a Mutable factor of safety 
(Sections 7 and 8. Chapter 211. 

6. Then* is no opportunity for the Free passage of water from the upstream to 
the downstream face (Sc ft inn 28; Section 19, Chapter 22). 

7. Water which pusses through and under the dam when it reaches the dis¬ 
charge surface has a pressure and velocity so small that it i* incapable 1 of moving 
Ihc material of which (lit 1 dam or its foundation is composed (Sections 2(5 and 27). 

8. The upstream face i.s properly protected against wave aclion anil Die down¬ 
stream face is protected against the action of rain (Seelinns 15. 10, and 17, 
Chapter 22). 

The principal purpose of stating the above rrilerin of design is to furnish a 
rherk list which the engineer can consult to help him make whip that he has 
considered nil the pertinent factors in the design of his dam. An earth dam 
designed to meet these criteria will prove jiennaiieiitly safe provided proper 
attention is given to the details of construction. 

13. Safety against Overtopping. An earth dam should Ik* designed 
with the spillway capacity ho great that there is no danger of overtopping. 
A masonry dam with insufficient spillway will generally stand overtopping 
to a considerable depth without serious damage, but with an earth dam, 
overtopping usually moans failure. Overtopping due to insufficient spillway 
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capacity is the most frequent cause of failure of earth dams, as shown by 
a study of more than 100 failures 13], Many earth dams are in use that have 
spillways of insuilicicnt capacity to care for Hoods which are pertain to come 
sooner or Liter. The subject of spillway requirements is treated in Chapter 
6, "Flood Flows.” 

The freeboard ut>ove the greatest exported reservoir surface should be 
the siun of the heights of tides, seiches, wind setup, and the height to which 
ua\es will ride up the upstream fa^e plus a margin of safety liased on judg¬ 
ment. Methods for the compulation of these heights are given in Sections 
10 and 11, Chapter 17. 

14. Seepage. Seepage takes place through and under all dams, both earth 
and concrete. The character of the materials com prising the foundation and 
the embankment has a very important influence on seepage and its effects. 
The problem is to minimize and control seepage po that it will have no harm¬ 
ful effects. 

In an earth dam the position of the seepage line (defined and discussed in 
Section 15) influences the filial design of the embankment. For a dam of 
homogeneous material the seepage line will intersect the outside downstream 
face of the dam some distance* alsive the toe of Ihe dain. A portion of the 
downstream face Ileeomes saturated and serious sloughing may result, de¬ 
pending oil the height of such saturation and the character of tlie enilmnk- 
monl material. It usually is a simple matter to provide drains, discussed 
in Section- 17, 10, and 21, so that sloughing does not occur. Olher methods 
of lowering or controlling the seepage line are discussed in Sections 22 and 
25. A metlioil of predicting the seepage line is given in Section 15. 

Once the position of the seepage line (Section 15) is established, the flow 
net may lie readily determined. Using the «eepngo line as one boundary, 
the flow net (Section 4c, Chapter 25) is plotted by n rut-and-try process. 
For the construction of the flow net and the determination of quantity of 
SH'pagc, sec also Hof. 4 of Section 29. 

15. Position of the Seepage Line. In an earth dam composed of ma¬ 
terial so coarse that capillarity ha* no influence, Ihe “seepage line 1 ’ is prac¬ 
tically the line of saturation, ie., the upjiermost filament of flow. In this 
ease and in all other cases, the seepage line may lie defined as the line above 
which there is no hydrostatic pressure and below which there is hydrostatic 
pressure. This definition must Vh> adhered to strictly whenever the words 
are used in connection with earth dams composed or any type of material. 
This is because, whore the material is fine enough to l>e subject to a consider¬ 
able depth of eapillaritv, there U saturation without hydrostatie pressure and 
also a usually negligible flow in the “capillary fringe*’ above the “seepage 
line” 

The location of tlie seepage line for an earth dam composed of homo¬ 
geneous material on an imiiervious foundation and the point at which it cuts 
the downstream face is dependent only on the cros«-section of the dam. Its 
position is not influenced by the permeability of the material composing the 
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dam bo long ns the material is homogeneous. The seepage line under tho 
assumed conditions has been shown to l>e fundiunenlally a paraliola [4] with 
departure therefrom due to local conditions of ingress and egress. 

It is always desirable to lx 1 able to predict the position of the seepage line 
in the cross-section of the dam. Following is a rough method of locating 
the seepage line which is good enough for all practical purposes. The results 
of this method are in close agreement with the more precise methods and arc 



more exact than can be obtained by ail estimate ol the average permeability 
coefficient for an actual dam. 

In Fig. 6 


A and I) — respectively, the downstream and upstream toes ol the dsm - 
if the dam is cmnjioscd of a relatively ini]>erviouH core with a 
pervious shell, ,1 and 7), reflectively, are the downstream and 
upstream toes of the core; 

B — intersection of the maximum water surface with the upstream 
slope; 

B 2 = intersection of the extended seepage tangent with the maximum 
water surface; 

C - intersection of the see|inge tangent with the downstream hIoiic; 

m -=■ horizontal projection of the wetted upstream slojie; 

h = vertical distance from point B* to point A equal to the head 
of water causing seepage; 

e = vertical distance from the ixiint A to point. C; 

l = mean length of seepage path; 

b * length of the 1 >mhc of the dam or impervious coic, AD. 


Referiing to Fig. 6, the const met ion of the seepage line is ns follow*-- 
*S \tcp 1 . If the iiermeabihty of the soil deposited in the earth (bun is the 
same m the horizontal direct ion as in the vertical direction, draw the cross- 
section of the (lam to true scale. If the horizontal permeability is different 
from the vertical permeability for the embankment material, a transformed 



QUANTITY OF SEEPAGE 


413 


aertion of tbe dam must lie utilized. To make tlie transformation, multiply 
the actual horizontal dimensions by where K 9 is the permeability 

coefficient of the material in a vertical direction and Kj, k the permeability 
coefficient of the same material in a horizontal direction. The vertical 
dimensions remain an they are. 

Step ii. IiOcate point C on the downstream fare using e - /i/3. 

Step J. Locate ]Knnt B> 2 on the maximum water surface at a distance equal 
to OJbii, and draw the sccpigc tangent (line /LC). 

Step (. Draw in by eye Ihe ingress transition curve beginning at the inter¬ 
section of the water surlaee with the upstream face (point B ), perpendicular 
to the upstream face ami coming tangent to line B.*C. Where 1 the upstream 
face has a very steep slope, Ihe transition may lie n reverse curve. 

Step J. Draw in by eye u small egress transition curve tangent to both the 
line B»(* and the downstream face. 

In a composite dam consisting of a highly inqiervimis core with shells of 
much coarser materials, it is seldom necessary to determine the scep;igc line 
for the entire cross-section provided that the position of this line for the 
impervious core was carefully determined by the method above. In making 
emiiput.iMons one should l>ear in mind that, at nn\ given point in the section, 
the discharge is the same. If the remainder of the top seepage line is desired 
it may lie sketched in l>> judgment, depending on changes in the permeabil¬ 
ity coefficients. 

If, instead of the impervious foundation assumed in the preceding discus¬ 
sion, a considerable la>er ol relatively pervious material is the foundation 
for the dam, for similar conditions and dimensions, the position of the seepage 
line will in most ca^es lie identical mill that for an impervious foundation 
and tlie same methods may be u**cd for its local ion. 

The effect oi drains anil other details of design on the position of the seepage 
line 1 is discussed m Sections IS through 25. 

16. Quantity of Seepage. For all practical purposes, the quantity of 
seepage through the dam may be roughl> computed, within an accuracy of 
one's estimate of the jicnnnibility coefficient in actual dams, by the follow¬ 
ing expression based ou the construction of Fig. (» and Section 1«5: 

4Kh* ■ 

8 “-«r 111 

where q = quantity of seeiiage flow in cubic feet ]>er minute per linear foot of 
dum; 

K - coefficient of iiermeability in feet per minute; 
h = haul in feet cuusing »ecp;ige, us indicated in Fig. 0; 

1 » mean length of seepage patli in feet us computed by Eq. 2. 

Referring to Fig.0, tlie mean length of the path of seepage, 1, may be expressed 


2 — (1.13/i + 2Z) cot a + «• 
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where a = internal angle formed by the downstream diseluirge face and the 
horiisoutal base; 

Z = vertical distance in feet from headwater surface to the top of the 
dam; 

14 ' = lop width of the diuu in feet. 

Tlic discharge through the dam for the example given in Fig. 0 is determined 
by E(|S. 1 and 2 as follows: 

/ = 11.13 X 75 + 2 X 10) X 1 + 21) - 125 ft 

anil 

4 X 0.00004 X 75 2 n .. .. f . 

q = -- = 0.0008 hi ft |»er mm ikt lin ft 

This is discharge through the dam only. Discharge through the foundation 
if i)crviou,s may lie readily obtained by the pro]KT application of the Darcy 
forinuhi [4 and 0|. 

For a section where the horizontal and vertical |x*mieability coefficients differ 
materially, the value of K used in the above is determined as follows: 

K = VK, X A'* |»| 

where K„ is the vertical permeability coefficient and K h is the horizontal per¬ 
meability [4|. 

17. Drainage in Earth Dams. For a dam such as that indicated in Fig. 
5, relatively impervious and homogeneous, it is evident that the seepage 
line would intersect the downstream face well above ihe toe as in Fig. ti unless 
some mclhod of drainage is adopted. In Fjg. 5, drainage is accomplished 
and llie seepage hue lowered to a point well within Ihe downstream face by 
the filler layer at the base of the dam. 

In some dams drainage is no problem at all because the material in the 
downstream portion is so pervious that drainage roodilions are already 
excellent. Thus a design like that shown in Fig. 11 with its pervious shells, 
under the given conditions, provides ample drainage. Even here some atten¬ 
tion must be given to the protection of the rock-fill toe. If the rock, say 
from spalls to several cubic feet in size, were merely dumped at the toe on 
the consolidated day of the foundation and not protected at all, in time it 
would become impregnated with liner material and its officii ncy would be 
seriously impaired or destroyed. Consequently, a filter of graded material 
(see Section 20) is placed around that portion of the rock to** which would be 
in contact with the rest of the dam emliankmont and also with the consolidated 
clay foundation. This latter point is frequently neglected, bill the authors lie- 
lievo that it is frequently advisable to use a horizontal liitor Layer on top of the 
imijcrvious foundation because any possible upward movement of water from 
the foundation might eventually fill this large voids in the rock fill with fine 
clay or sill and thus ruin the usefulness of the rock toe and cause the seepage 
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lino to come, out of the downstream face above the rock too, with possible 
sloughing as the result. 

18 . Effect of Drainage on the Seepage Line, In Fig. 7 it will be 
noted that the dam is coinjioscd of a homogeneous embankment material 
on a foundation of impervious material hut that downstream from the center 
line there is a drainage layer or fiber along the base which discharges through 
a rock toe fill to the downstream toe of die dam. The upstream end of the 
filter corresponds to the toe of a dam where a, the internal angle formed by 
the downstream discharge face and the horizontal hn«e, is 180“. 



Fit, 7 Effect of drainage on seepage line m lioiuogcnetms section os computed 

in Section 18. 


For a 180°, fVagrande [4] gives the following relationships which are 
written in terms of the nomenclature of Fig. 7: 

//,n = V V + d 2 - d [41 



For the example of Fig. 7, y 0 - V8ri 2 + 130 2 — 130 - 26 ft and a = 26/2 = 
tf j which means that the seepage line will reach the filter layer at a point 
L'{ ft from its upstream end and a second point on the seepage line measures 
20 ft directly above the edge of the filler. Another point iu obtained by 
measuring upstream along maximum water surface a distance equal to 0.3m 
upstream from the point where the maximum water ^urfaeo intersects the 
upstream face, w Iwing the horizontal projection of the wetted upstream face. 

The seepage line may now 1 h* drawn in accordance with the principles dc- 
scrilied in Section 15. It will be noted ihnf llie downstream portion of the 
dam is praclieally free from saturation. This is entirely due to the drainage, 
or filter layer which pulls down the seepage line and conducts the seepage to 
the rock toe. Except for this drainage means the seepage line would have 
shown a position similar to that in Fig. 6. 

The capacity of the filter should materially exceed the maximum discharge 
through the dam. By means of Darcy's formula one may check the capacity 
of the drainage or filter layer. If the capacity of lints filler layer is less than 
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twice Ihc estimated discharge through the dam (by Eq. 1), measures should 
bo taken to increase the capacity by enlargement of filter layer, use of more 
]M t rvious materials, use of pipe, etc., provided that the drainage layer is not 
made so coarse that there is danger of the filters becoming impregnated. 

19. Pipe Drains. Pipe drains are sometimes used in earth dams, espe¬ 
cially where 4 the material is so extiemely perviou* that u large quantity of 
seepage may Ik 1 exjiectcd. Such pipe drains are laid in and arc surrounded 
by a filter of pervious material. Holes are drilled in the pipes of such a size 



Fig. S. Galvamred non asphalt-dipped pipe diuin a* used ;il Kingdey Dam, Ncbr. 

that practically none of the surrounding pervious material can get through 
them. 

Some details ol the pipe drain utilized at the Kingsley hydraulic fill dam arc 
shown in Fig S; they are typical of several pipe drains which have been used. 

One objection to the use of pipe drains is that they may become separated 
or broken under condition.' such that they act as sluice pipes for carrying 
away large quantities of embankment material in the dam. This objection 
may be overcome by having the 4 maximum size of filtering material next to 
the pipe &o coarse that it cannot get through the pipe. 

Pipe drains are iu general used where the rock drains with their filters are 
not available and where large quantities of water are involved (see also Sec¬ 
tion 21). 

20. Filters for Earth Dams. Filters are often necessary in earth dams 
to prevent, the fine material in the dam from washing out through the much 
coarser materials usually used for drains and slope protection cover. They 
should be built up in successive layers of material having a controlled grada- 
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tioxi of particle size, ranging from a size equal to or slightly larger than the 
material in the dam up to a size equal to or slightly larger than the openings 
in drains or slope protection cover. A number of experimenters, including 
Stearns fl8] and Tcrznghi, have determined that a suitable filter layer will 
adequately prevent the impregnation of a coarse material by a finer material. 

The required gradation between ^iccessive layers and between the boundary 
material (as the fill material in the dam) and the adjacent filter layer is 
controlled by a filter ratio which is defined as the ratio of the 15% size (15% 
smaller than and 85% huger than) of the coarser ln>er to the 15% size of 
the finer layer. (!. E. Bertram |5] found this ratio to !>c 9 or less, applicable 



7777^7777 *>//'/// 

Slope 1 on 1- 


6" Sand Fitter 
r-6" Gravel Filter^ 


Slope 1 on 1 4 


Slope 1 on 1 15 >* 

Impe rvious B lanket_J _ 

Pervious Material 


Fiu. 9. Typirul lock toe with filter protection. 


to material at least biV/r compacted. If the above condition prevails and if 
the grain size curve* arc ruuglih parallel, practically no impregnation will 
take place. 

The numltf'r of layers of filter blanket material will depend on the varia¬ 
tion lief ween the particle size in the dam material and the openings or voids 
in the coarse materials in the dram or riprap cover. In many rases the re¬ 
quired results can be obtained with one layer. However, a filter blanket built 
up of one layer may result in a material with such a wide range of particle 
size that it will segregate during placing. Nevertheless, filters of a single layer 
are often the economical way to solve the problem. An 18-in. layer of run-of- 
bank gravel with 30% of it coarser than V\ in. and grading up to 2 or 3 in. is 
practicable. With such a filter there will usually be some impregnation but 
it will lie limited. If more than one layer ip required, each layer may range 
from 0 to 12 in., detrending on the particle size and the placing conditions. 

Figure 0 shows ail actual and rather typical rock toe protected by a filter 
consisting of a layer of sand and a layer of gravel. There was a particular 
reason for sinking llie rock toe into the original surface as indicated. There 
was a blanket of impervious material about 15 ft thick which formed the 
immediate foundation of the dam. Below this impervious stratum there 
was a deep stratum of coarse sand with some gravel under some hydrostatic 
pressure. It will tie noted that the rock toe drain iwnctratcs to this pervious 
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material. There was a considerable flow from the pervious stratum through 
the filter to the rock toe drain which discharged into the old river channel. 

21. Position of Filters and Drains. Drains and filters for earth dams 
may be placed in a number of different position, each position having both 
advantages and disadvantages, For usual conditions there is no better drain 
than a generous rock toe al>oiit 125 to 85% of the height of the dam with a 
projier filter to prevent impregnation by fine materials. 

Ill Fig. 9, a dam with a substantial rock toe is shown. In many locations, 
however, the ruck with which to construct such big rock fills is not available 
except at prohibitive cost. Consequently, t various schemes, including pipe 
drains (Section JO), are utilized so that proper drainage may lie obtained 
without going to the ex]>ense required to obtain a big rock toe fill. 

If much hydrostatic pressure is anticipated near (he toe, it can lie counter¬ 
balanced by moving the drain anil filter farther upslreain to get more weight 
on top of it, but in that ease seepage will l>e increased owing to the shortening 
of the path of flow. If the drain is plaeed at the center line, tlirrc is a material 
increase in seepage, but this may be more than compensated for by the fart 
that the safety of the structure is greatly improved by boiler drainage. 

Under many conditions the authors favor the use oF a filter set back under 
the dam a distance of 80 to 50% of ihe distance from the renter line of the 
dam to the dimiMream loe. If the drain is properly constructed, there is 
ample safety against piping because of the great weight from the dam. 
Oflen the increase in seepage is not enough 1o bo of economic importance. 

Figure 8 slum* a drain which ha- been built back tremi the tor in the 
cross-section of the dam. If there is any danger of piping at the toe, the 
drains should be moved back to get greater weight on them. 

22. Core Walls and Cutoff Walls. Core walls and cutoff walls of con¬ 
crete or sheet piling have been extensively used in earth dams to reduce seep¬ 
age. Cutoff walls are usually differentiated from core walls in that cutoff 
walls are wholly in the foundation of the dam. 

Cores and eutoffs of relatively impervious earth materials (Figs. 1, 2, 3, 
and 4) are preferably used and are now more frequently used in the dam 
in place of core walls or cutoff walls to reduce the seepage* and lower the 
seepage line (Section 15). An impervious earth core also lias advantages 
of settling with the (lain structure and sealing itself should any cracks develop. 
However, it sometimes 1 amines advisable to use core walk or cutoff walls 
in a location where no relatively impervious material is avail jble but where 
ledge rock is relatively near the ground surface. 

Cores and cutoffs serve to reduce the seepage by increasing the path of 
flow under the dam, as discussed in Section 4, Chapter 25, and by increasing 
resistance to flow. Upstream blankets may produce the same effect. How¬ 
ever, eutoffs have one extremely linpoitant ailvuntage in that a vertical cutoff 
penetrates a number of strata, thus causing the seepage to pass through the 
different strata, some of which may be* lews pervious than the foundation mate¬ 
rial immediately under the dam. Thus seepage for the same length of seepage 



FLOTATION GRADIENT AND QUICKSAND 419 

path may be 4 to 50 times lens for the vertical cutoff than for the upstream 
blanket of impervious material. Also cut oils may penetrate a pervious 
stratum and seat in an impervious stratum, thus reducing seepage immensely. 

Cutoffs are discussal further in Sections 23 and 24. 

23. Steel Sheet Piling Cutoff. In many cases steel sheet piling is 
utilized for foundation cutoffs (Sections 22 and 24), for the reason that, when 
the depth exceeds about 30 to 50 ft, it is practically always cheaper to drive 
stec*l sheet piling than to dig a front h and refill it with compacted impervious 
soil. At Kingsley Dam, Nebraska, steed sheet piling 125 ft long was driven 
to connect the core of the hydraulic fill dam to the impervious stratum below 
(see Fig. 2, Chapter 22). With modem methods of driving and jetting it is 
feasible to old a in real assurance that the steel sheet piling reaches the re¬ 
corded depth. By drilling holes each side of the piling it is possible to find 
out whether or not the piling lias curled or gone out at an angle. The kind of 
Steel section chosen is important. If thr*re Mre many boulders a straight he ivy 
section is desirable, with a strong interlock such as U. S. M 108 weighing 35 lb 
per sej ft. At Kingsley J>am, hem ever, where* there were not many tjouldere, 
a section similar to M 112, which weighs only about 23 ll» per sq ft, was used. 
It is not practicable to drive steel sheet piling so that it is absolutely tight. 
One should never exi>ect it to be as tight as a rut off trench filled with com¬ 
pacted impervious material. 

Jetting is generally essential in reaching material depths with steel sheet, 
piling in sandy and gravelly material. Sometime^ in order to reach depths 
of 125 to 140 ft, it lias been iierc*H:iry to use jets discharging 200 to 300 gal 
per min at 300 ft head anil in addition to use compressed air with the water. 
Two to three jets on each side of the piles lacing driven are sometimes used 
in a yoke. 

24. Partial Cutoff. A partial cutoff is one lhal extends down from the 
imi>ervious section of a dam into (lie underlying strata but does not reach ail 
inqiervimis slralmn. In many ca-.es it would be impracticable or extremely 
expensive to continue the cutoff to an impervious stratum, and, accordingly, 
the ciuriiif*er should consider the use of a partial cutoff. 

Owing to the iact that alluvial deposits are stratified and that, therefore, 
the horizontal permeability may be 10 to 50 times the vertical, the effect of 
such a partial cutoff in reducing seepage may be much greater than might 
at first Appear probable (see Fig. 3 and Section 4, Chapter 25). 

25. Upstream Blankets. Instead of a cutoff (Sections 22, 23, and 24) 
under a clam on u pervious foundation, an impervious upstream blanket may 
sometimes l>e used. The purpose of such a blanket is to increase the length 
of the path of percolation for Hcepago under the dam and thus decrease the 
velocity and quantity of seepage (see ata Section 4, Chapter 25). A dam 
with a pervious foundation and a relatively im]H*rvioiis core and upstream 
blanket is indicated in Fig. 4. 

26. Flotation Gradient and Quicksand. Usually quicksand is a rela¬ 
tively uniform line *and in a rather loose* condition completely saturated and 
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under some slight upward hydrostatic pressure. Actually, quicksand is a 
condition and not a material. Coarse sands and gravels are sometimes 
“quick.” All that is necessary is that the material should be completely sal u- 
rated and have enough upward hydrostatic pressure on it to counterbalance 
the weight of the particles of the material. 

If water is passing upward through sand or gravel and the pressure and 
velocity of the water are gradually increased, a condition is reached where 
the pressure U'comes enough to counteibalance the weight of the particles of 
sand and gravel in water. At tlu> point then 1 is a sudden loosening and 
swelling of the material. The sand or gravel is then in what is called a quick 
condition. It is in an mislable equilibrium, and a slight further increase in 
prohsure will cause the material to flow away like water. 

For this critical flotation gradient, Harza IT) | gives 

ip=j = (\- P)(S - 1) 16] 

in which i> = flotation gradient; 

h = difference in head; 

L = length of path; 

P = jioroMty or jxjr cent voids expressed as a decimal; 

A Sf = HiXM'ific gravity. 

27. Piping. Tf the head increases slightly over that whieh gives the flota¬ 
tion gradient of Eq. G, the material will stmt flowing, and piping is in progress 

Piping occurs when «eopage waler issues from an embankment or ground 
surface under sufficient pressure and m ith 'iifBcient velocity so that the par¬ 
ticles coiniinsing the material are carried away. 

A number of piping experiment* have been made to dot ermine the escape 
gradient or hydraulic gradient near the point of egress at which piping may 
start. All the experiments with which the authors are familiar, in general, 
substantiate Eq. 6. 

The possibility of serious piping may be prevented bv having the path of 
percolation sufficiently long in relation to the head, thus reducing the hy¬ 
draulic gradient (Section 4, Chapter 25), and by providing properly designed 
and constructed filters and drains so that a dangerous escape gradient will be 
avoided (Sections 17 and 21). 

For safety against piping in dams the minimum ratio of length of path to 
head should be not less than l/h 5, which, according to Eq. 6, with specific 
gravity - 2.65 and per cent of voids - 50% would mean a theoretical factor 
of safety of 6. 

For highly pervious foundation* without cutoffs the minimum ratio of l/h 
should be not less than 8, and 10 is preferable in many cases (see Section 4, 
Chapter 25). 

Under sjtecial conditions where drainage and filter systems are specially de¬ 
signed for the given conditions, lower ratios of l/h may be acceptable. A dis¬ 
cussion is also given in Section 4 g, Chapter 25. 
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28. Cutoff Buttresses on Spillway and Powerhouse Walls. Spillway 
abutment a, powcrhouw walls, or other concrete walls extending through the 
dam in an upstream and downstream direction should l>e provided with cut¬ 
off buttresses projecting well into the embankment. There should be at least 
two buttresses on each wall passing through the embankment. It is unneces¬ 
sary to make them more than 12 in. thick if they serve only ns cutoffs, but 
they should lx; lightly reinforced in order to prevent separation from the 
main wall. The cutoff wall* and the rear face of the main wall should have 
a slight butter (about 1 on 10), so that shrinkage of the embankment will 
tend to bring the earth in closer contact with the concrete. This is an im¬ 
portant detail since, with vertical walls, there may be a distinct tendency for 
the earth to shrink away from the concrete. 
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STABILITY OF EARTH DAMS 

1. General. Rough and approximate met hot Is presented in this chapter 
for determining tin* Klnliility of earth dams aro based on the concepts ol 
Coulomb and Ranking which are already familiar to practically all engineers. 
Because these methods deal with plane surfaces only and there is generally 
a curved surface along which resistance to shear may be less, the required 
factor of safety when using such methods should, in general, lie not less Ilian 
2. Such methods as presented herein are suitable for use in preliminary in¬ 
vestigations. For more preeise methods for filial analysis of stability the, 
reader may consult Ref. 3 and other references in Section 10. 

2. Stability of Earth Dam against Headwater Pressure. If an earth 
darn meets the criteria of design given in Section J2, Chapter 20, it will gen¬ 
erally lx* round safe against headwater pressure. Usually the headwater pres¬ 
sure in an earth dam is not taken at the upstream face, as it is for concrete 
dams, but is dissipated in the form of friction throughout the path of flow 
through the structure, as noted in the concept of the flow net (Section 4c, 
Chapter 2«"i). 


3. Horizontal Shear in Downstream Portion of Dam. The following 
is a simple method of determining tin* approximate horizontal shear stress 
in an earth dam at anv given elevation. 



Fki. 1. Shear in downstream portion of dam (see Section 3). 


In Fig. 1 a vertical plane is passed through the cross-section of an earth 
dam; we will consider for the present only tin* downstream portion of that 
cross-sect ion. 
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Let w *= the mean unit weight of the eml>ankment material in the central 
nection of the dam. In connection with determining the value of 
V), take the height of material which in below the seepage line at ita 
submerged (or buoyant) unit weight and the height of material 
above the seepage lino at the center of the dam at ita moist or dry 
unit weight, and then take the weighted mean oa w; 
v>i = the equivalent liquid weight i>er cubic foot of the material of which 
the dam in composed = u tan 2 (4.5° — 0/2); 
i0« = unit weight of water, 02.5 lh j>cr cu ft; 
h = vertical diHtance from top of dam down to base or to the horizontal 
plane under consideration; 

h\ — vertical distance from seepage line down to base of dam on hori¬ 
zontal plane under consideration; 
hd — horizontal distance from top to bottom of downstream face; 

Nd - average unit shear on downstream half of base of dam on horizontal 
plane through dam |K»r 1 ft width of dam; 

- maximum unit shear on downstream half of base of dam or on a 
horizonlal plane through dain enrresi winding to h\ 

0 = angle of internal friction of the material in the dam; 

Hd = total horizontal shear on the downstream ]>ortion of dam in accord¬ 
ance with Rsinkine. 


irjt 

2 


pressure of headwater 


7Ci* 2 . i r u hi 2 

I1d * + "Y“ 


Hd 


h 2 w tnn 2 [45° — (0/2)] 

' 2 + 2 


m 


Sd 


h*w tan 2 [45° — (0/2)) irjhi 1 
2 h d + 


[ 2 ] 


As indicateil in Section U the niavimum unit shear may lie twice the average; 
hence 

tr hhr tan 2 [45° - (0/2)1 «\,/ii 2 

* S " J = - i d ~ " + ~b„- r 1 

Equations 1, 2, and » arc directly applicable only to the downstream half 
of an earth dam. 

4. Horizontal Shear in Upstream Portion of Dam. The most severe 
eondition to wlneli the upstream portion of the dam ran lx* subjected is to 
have the water suddenly and instantaneously drawn out of the reservoir. In* 
mmiurh ah to have this happen would require the failure of some of the parts 
of the structure, this criterion is sometimes objected to as far too seven.*. 

However, with very impervious materials the internal pressures that would 
result in the uiietroani portiou of an earth dam from drawing down the rescr- 
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voir, way, 10 ft in a week would not lx* greatly different from wliat they would 
be if the reHprvnir was drawn down 10 ft instantaneously. 

If the material in the upstream part of the dam, on the other band, is rela¬ 
tively clean rock or gra\ cl, it may he assumed that it will drain just as quickly 
as the reservoir can lx* drawn down. 

In general, in the event of sudden drawdown (s<*e Fig. 2), the upstream por¬ 
tion of the dam would still he Nil united on its completion, and, accordingly, 
one should utilize the saturated weight of the material for all material helow 
the maximum seepage line when computing the 'dienr. On the other hand, 
when it comes to computing the forces resisting shear, the unit weight utilized 
for all materials below the maximum seepage line will he the submerged (or 



Fig. 2. Shear in upstieum pm lion of dam willi sudden drawdown (see Section 4) 


buoyant) unit weight of the material except that clean rock and clean coarse 
gravel may he taken at its dr\ or moist unit weight both in computing shear¬ 
ing forces and in computing resisting forces. 


Wb = submerged unit weight of material in upstream portion of dam. 
iv 9 = saturated unit weight of material in upstream part of dam. 
ft* = horizontal distance from top to bottom of upstream face. 

//* = total horizontal shear on upstream portion of dam. 
fi u — average unit shear over upstream part of dam. 

/S mv = maximum unit shear over upstream ]>urt of dam. 

„ _ hhr k tan 2 (45° — 0/2) , wjii 2 
Hu 2 ' 2 


h 2 w a tan 2 (45° — 0/2) tr w h i 2 

2*7 + 2 ft* 


[5] 


maximum unit shear S mu = 2S U 


h 2 w B tan 2 (45° — 0/2) w w hi 2 
b u + 


[til 


Equations 4, 5, and C are directly applicable only to the upstream half of 
an earth dam. It should lx? noted that in this case //„ does not equal 7/ rf 
(Section 3) because of the concept of sudden drawdown; thus the saturated 
weight of the material is used. Symbols not defined here are the same as for 
Eqs. 1, 2, and 3 of Section 3. 
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The position of Ihc maximum unit shear stress may, without serious error, 
l>e taken at a. point 40% of the horizontal distance from the top of sloi# 1 to the 
point when* the dope intersects the horizontal plane or base under con- 
dderation. 

6. Factor of Safety of Earth Dam against Horizontal Shear. The 

resisting force uguiuctt the horizontal .shear on the downstream portion of the 
dnm, Fig. 1, is 

Jtd = W*u, X tan 0 + rb d [7] 

in wliieli ftj = total force resisting shear in downstream portion of dam, W ti i = 
total effective weight of downstream portion of dam, c = cohesion or no load 
shear resistance per unit of urea, and the other syrnlxds have the same meaning 
as in Sections 3 and 4. In computing W t a f the unit weight of the material 
below the seepage line should l>c taken at submerged uuit weight (tty) and that 
aimvc or outside of the soe]>agc line at dry unit weight. Then 

in which Fa is the average factor of wifely against shear in the dnwnHtream por¬ 
tion oi the dam niul Ha is total horizontal shearing force on the downstream 
]>nrhoii of the dam as in Section 3. Recause the horizontal plane is lint usually 
the weakest plane loi failure, Kq. S should give a factor of safoty of at leoRt 
2 in older loi the design to l>e satisfactory. 

For the upstream portion of tlie dam the assumption of suddeu drawdown will 
be utilized as the most severe (see Fig. 2). 

/ft* = R'fu X tan 0 + ch u [9] 

in which R u = total iorcc resisting shear in ujihtrcain portion of clam, W (V = 
total effective weight of upstream portion of clam, and the other symbols have 
the same meaning us hcietofnrc. 

In computing \V, U , the unit weight of the material in the upstream portion of 
the dnm lielow the seepage line should lie taken ns the submerged for buoyant) 
unit weight except that stone and coarse clean graiel may lie token at unit dry 
or moist weight. Material always above the seepage line may be taken at dry 
or moist unit w eight. Then 

K » 1 * [ 10 ] 

In Eq. 10, F u is the average factor of safety against horizontal shear in the 
upstream jxirtion of the dam and the other symbols have the same meaning os 
heretofore. 

F u is also referred to as the factor of safety against sudden drawdown. Be¬ 
cause there is generally some other plane which is somewhat weaker than the 
horizontal, the factor of safety shown by Eq. 10 should be at least 2 for tlie 
design to be considered satisfactory. 
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[Chap. 21] 


6. Example 1. Stability of Earth Dam on Impervious Foundation. 
The determination of the safety of the earth dam on a relatively impervious 


Mol headwater al. 90 


El. 10Q top of dam 



Position of max. 
unit shear upstream 


-4250'V--1 

wd \ Filter and drain 

X Position of max. 
unit shear downstream 


Fig. 3. Assumed design for determining safety factors in horizontal shear. 


foundation, indicated in Fig. 3, is presented in Table 1 for the following as¬ 
sumptions: 

Dam is of homogeneous material consisting of medium silt placed in 6-in. 
rolled layers. 

Upstream slope is 1 on 3%. 

Downstream slope is 1 on 2 


e = void ratio of material in dam = 0.43 [(Volume of voids)/(Voluine 
of solids)]. 

n = porosity = e/(l + e) — 0.30 (percentage of voids expressed as a 
decimal). 

8 = specific gravity = 2.65. 
xi’in = unit weight of water = 62.5 lb per cu ft. 

w d = dry unit weight of material = 62.5 X 2.65 X (1 — 0.30) = 116 lb 
per cu ft. 

w a = saturated unit weight = 116 + (0.30 X 62.5) = 134.8 lb per cu ft. 

Wb = submerged or buoyant unit weight = 134.8 — 62.5 = 72.3 lb 

per cu ft. 

w m = moist unit weight = 120 lb per cu ft. 
c = unit cohesion negligible or = 0. 

0 = angle of internal friction = 32°. 
tan 0 = 0.625. 

h = height of dam = 100 ft. 

hi = height of Heepage line at center line of dam = 60. 
bd — length of base in downstream portion = 250 ft. 

b u = length of base in upstream portion = 350 ft. 

w = weighted mean unit weight of material 


40 X 120 -i- 60 X 72.3 
100 


91.50 lb per cu ft. 


W\ = equivalent liquid weight of material in the dam = w tan 1 (45° 
- 0 / 2 ). 
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TABLE 1 

CoMWTAriONS JOB LXAMi'JE 1 
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7. Approximate Shearing Stresses in Foundation. The assumption 
that an earthen matenal has an equivalent liquid unit weight wlneh would 
produce the same shear stress as the niatciul itself has Already Leon used 
herein The same assumption or theory has been wulelv applied to the design 
of ictaming walls It will now be applied to determining in an approximate 
maimei the shear sti ess in a found ition 
The rut pi ion ior analyzing the stability of the foundation of an eaith 
dam requires th.it the shear strength ot tin mate ml in the foundation 
(r + wh tan 0 ) bt grcatei than the sheer ‘■tresses indueed lr\ the weight of 
the dam The value- ol the cohesion, r. and’the angle of luction, 0 , are those 
which apply to the foundation at 1 hi st it( ot consolidation that it hdb at time 



of completion of the dim before lieidwitcr is 1 used (see Sr (turn 0 ) The 
she.mng stresses nnv be ddeunined b\ (lie cqumnn- m\en below An c\- 
ample ot tlie deleinunat 1011 of tlie ap])iu\nna 1 e shear stress n id the factoi ol 
safety is given 111 Scition S 

Figuu* 4 indie it 1 - the one-halt section of an eaith dun on 1 foundation 
the wifely ot which is to be dr trimmed 11 the eirtli dun his uusMiimetTiea] 
slopes then the half section in lug 4 is that having the stetpei slope 

iS ,__(^j^M utiiiii ( i5O _0,) lnj 

where 8 = total horizontal shear down to ngid boundary per lmeui loot of dam, 
/13 = vertical distance fiom top ol dam down to the "rwpd boundary / 1 
such us ledge rock or a sand gravel stratum the stien ,lh ol which is 
great us compared with that ol the overlying materials 
h% = vertical distance from bast* of dam (or original ground surface), down 
to the *'‘rigid boundary”; 

b = horizontal distance along Kise fiom top shoulder of slojie to tfie toe 
of tlie Hum, 

w = effective weight per ruble foot of the material in its actual condition 

It is here assumed that unit weight ol dam and foundation malerud are tlie 
same, if they are different, ’ise a mean (weighted 111 proportion to depth ul caih). 




420 


ROVOH MTCTIJODS OF STABILITY ANALYSIS 


0 x = equivalent angle nl iulenial friction determined os follows: 


tan 0i 


c + wh) ta n 0 
wh% 


(121 


in which r is the determined cohesion or no load shear in pounds per square foot 
and 0 is angle of internal friction ns determined by ted. 

As 8 above is the total horizontal foundation shear, the average unit shear is 

Sa - jj [13J 


in whieli 8 a = average horizontal fouiidatioii shear j>er square foot. 

The maximum unit shear may be found from the following relationship, which 
lias l>eeii substantially chocked by photoelastic analyses: 

tfnuu - 14,S a 114] 

iu which 8 mnx is maximum shear per square foot in the Inundation. 

Foundations consist mg largely of coarse s f mds anil gravels or of thoroughly 
consolidated siHs or clays iisiinlh show high shear sficngth, but foundations 
consisting of fine, loose, eohesionless lnalenals or .if unconsolidated clays and 
silts may be vor\ detective m shoai strength and require thorough investi¬ 
gation 

8. Example 2. Factor of Safety against Foundation Shear. The 
deftmun.ition of flie appioximalc slie'if stress and the factor of safety in the 
earth dam inundation indie ited in Fig 4 is presented in Table 2 for the fol¬ 
lowing assumption**: 

The dam is completed but headwater is not yet raised. 


h - height ol dam *- UK) It 
ht — depth ol foundation material = fiO it. 

h 9 = vertical distance fioni lop of dam to rigid lioundnry = IttO ft. 
h = liorizontal length of base from top shoulder to toe = 400 ft. 
i r = eilectuc unit weight of material = 120 ft. 

0 = angle of internal friction = 17°. 
tail 0 — 0.300. 

c - unit cohesion = 0.20 ton per sq ft — 100 lb i>er sq ft. 

9. Discussion of Bough Methods of Stability Analysis. If, as the 
result of the calculations gi\on heretofore, it ih found that the over-all factor 
of safety for cithei the downstream slope or upstream slope w much less 
than 2 or if the lurtor of safety at point of maximum shear is much lo-s 
than 1.5, then tlie -Joiies should be flattened and the stability calculated again. 
11 should be noted that it W'uuld be possible to have a factor of safety of less 
than 1.0 at point of maximum unit shear. In that coho there would be local 
movement at Him point, but, if the average factor of safety exceeded unity, 
the resisting force's w'ould lie mobilized anil failure would not occur. 
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Luu Item 

Number Computation 

Rrnult 

Remarks 




400 4 1180 X 120 X 0 3©fi) 

-=0.328 

*i -18" 

1 

tan 0i 

12 

160 X 120 

2 

Equivalent liquid 
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unit weight, tii 
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3 

8 

11 

—-——X line 2 

- 698,500 lb 

Total shear in foundation 




2 

=^349J Imifa 

along the length b 
(fig 4) 




line 3 349 A 

=■ 0 R73 ton per W| ft 

Average unit shear 

4 

8a 
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81 11 ax 
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fl 
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Unit shear Mow 
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Vt |Niiiit in foundation 


weight, v 


160 

under upper shuidder of 
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400 -1 (160 X 96 5 XU 30b) 
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■ 2 56 tons |mr s<| ft 


10 
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(linn 7) t l luu 4) 0 734250 

- 1 65 Inns (nr <4| fl 



shear 


l l 



II Nafrty fort or 


12 Effective unit 

weight at point 
nf maximum 
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13 l nit shear at 

laiiiit or mau- 
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400 I- 1120 X 8HHX030M 


luu 13 I S3 
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HR R Hi |ni i ii ft 


.1 HM) 111 
I A) 1 oil i 


- I 5 


Over-all factor nf uifptv 
airanrd loniiilatmn shear 
is Mtisl,irtiir\ (hiH'linii9) 
\t iniiiiI of maximum sht.tr 
in Ihih iaw“ Him are HU ft 
nr in.it oruil lalna and 
liO ft nliu\ t< ground-water 
k vi I 


Kirtor of mM> dt |K»»nt of 
maximum Hhror ih aitis- 
fnrtor> I Section hj 


In Example 1, Section (i, the cohesion was assumed ns negligible, but if co¬ 
hesion is to lx k taken into account, as ii should lie if it is signific *nt, n slightly 
modified value of 0 may be \w*d in the expression for the “equivalent 11 liquid 
w eight u\ w tan J |45° — (0/2)]. This modified value of 0 may be ob¬ 
tained by using Kq. 12 . 

The position of the horizontal maximum unil shear is empirical, but it is 
in sulmtantial ncrord with photoclast ic model studies when taken at a pninl 
0.46 from the upper shoulder of the slope. The assumption that the maxi¬ 
mum unit shear lh twice the average is rniiservative, as photoelastic studies 
indicate that ibis ratio is frequently 1.4. 
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The computations given in Example 2, Station X, apply to conditions with 
the dum just completed but the headwater not raided. When the headwater 
is raided, a new condition will exist which also must usually be investigated. 
Thus, for the downstream portion of dam and foundation where shear strength 
equals c + u> T /itan0, all material below seepage line should bo taken at buIh 
inrrgcd unit weight. Also, when investigating safety of upstream portion of 
tlain after raising headwater, the assumption of sudden drawdown should 
l>e used. Utdizina the principles of Sections X to 8 inclusive, the safety of 
the foundation with headwater raised may be readily determined. 

In many eases the most critical timp for the safety of the foundation is 
when the dam is just completed, as in Section 8. The reason is that, by the 
time headwater can be raised and sudden drawdown takes place, the founda¬ 
tion will have received a material additional amount of consolidation, result¬ 
ing in higher values 4 and c. 

The foregoing rough method of analyzing stability of earth dams is simple 
and quick and gives results which agree quite well with results obtained by 
other muI able methods. This method may lie applied 1o any horizontal plane 
through the dam. 

10. Stability of Hydraulic Fill Dams. Owing to the process of con¬ 
struction peculiar to hydraulic fill dams (Sections 0 and 10, Chapter 22), the 
coarse material is segregated and deposited in the shells and the fine materials 
(clave and silts) are deposited in Ihe core near the center of Ihe dam. The 
materials in the core, liemg much finer than tho«e in the shell, stay in sus¬ 
pension longer, and Ihe mixture of water and core material has, when first 
delivered, a greater unit weight than water. Thus the core when first placed 
anil generally for a long time thereafter is in a more or less liquid condition 
and exerts n substantial pressure on llie shells of the dam, tending to force 
them mil ward away from the core. Consequently, a hydraulic fill dam is less 
stable during construction than at anv other time. The desirability of narrow 
cores is discussed in Section 12, Chapter 22. A typical hydraulic fill dam is 
indicated in Fig. 2, Chapter 22. 

The pressure exerted by the core oil the shells may be conroivcd as being 
equivalent to that which would bn exerted by a liquid having a certain weight 
per ruble foot. This concept has already l>een used in the preceding sections 
Accordingly, the equivalent liquid weight per cubic font rquuls irtan s r45 — 
(0/2)1, wliere ic - unit weight of the material. 

Cfillniy | SJ presents the following formula for the stability of hydraulic fill 
duins on llie assmnplion of a fully liquid core. 

z - «7 - A)V'n r ii i + xSc^aV'c^ bVTT T' 

VR ~ " (1 +-(*)'-(C - A)(C-irj 1 

in which A = cotangent of angle of core slope with horizontal; 

B - cotangent of angle of internal friction of shell material; 

(! = cotangent of angle of outer slo]>c with horizontal; 

R = ratio of saturated unit weight of core to unit weight of shell. 
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Manifestly flic* fart or of safely for the above formula is represented by the 
degree to which the actual core departs from a condition of liquidity. 

In order that the 1 tiilbov method may Rive dircctl}' a factor of safety against 
failure, an additional ratio will be introduced. 

Hi * ratio of equivalent unit liquid weight of core material to the elTeetive 
unit weight of shell material.* 

- 0i/2) 

w 

unit weight of core material iri actual wet or moist condition; 
angle of internal friction of core, ilh determined 1 ) 3 ’ Kq. 12 ; 
effective unit weight of sin'll material; 
ratio as previously defined; 

H/R\ % iu which F k is factor of sufoly of the shells against shear 
from the internal pressure of the core. 
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DETAILS OF EARTH DAMS 

1. General. The details of design and construction of earth dams deserve 
special treatment and are adequately dnrussed in books and papers referred 
to in the bibliography. The intent of tin* chapter is to cover those features 
of earth dams which affect the general de-ign and the choice of method of 
construction. 

2. Methods of Construction. The usual method* of construction are: 

(а) Construction m Roiled Layers. The material is excavated by power 
slim el, scrapers, drag line, or elevating graders, hauled onto the dam, depos¬ 
ited, spread, moistened, and rolled (see Sections (i, 7, and b). 

(б) Hydraulic Fill Method. The material in iv l>e excavated by several 
convenient method*, but it is lruiimported and deposited by the ugency of 
water (hee Seel huh 9 and 10). 

(r) Semi hydraulic Fdl Method. The material 1 * dumped near the upstream 
and downstream face of the dam 1o form rough Icmxn. The .spare bet ween 
these 1 levees i* then filled with water, and ihr material placed in or upon the 
levee is washed toward the center of the dam (sen Flection 9). 

3. Clearing and Stripping. About the first step that mu*t l>e taken 
after the erection oi the camp and plant buildings is the clearing and stripping 
or the *ite. This wwk should, in tact, be done while the plant is being moved 
m and erected. Trees and stumps should be removed from the site. The 
requirements for stripping should vary with the existing conditions at the site 
and the requirements of the design. For instance, the original surface might 
1>e an unconsolidated fat clay which it might be advisable to remove because 
of its low shear resistance. As a general rule stripping involves only removing 
the soil (anil not iieee*sarilv all the roots) and obtaining a bond between the 
embankment material and the foundation materials. 

Some specifications require that all soil containing more than 6% vegetable 
matter shall be removed from the site: other specifications limit the amount 
of vegetable matter permissible cilher in foundation or embankment to 3%. 

4. Bonding Dam to Foundation. It is a matter of prime importence 
to make sure that there is no definite dividing plane lictwoen the foundation 
material and the material composing the embankment. The originfd Riirfaee 
should l>e plowed up and dragged with a disk harrow' just lieforo any material 
is deposited on it. rnlp*s the embankment is to be placed hydraulically, or 
the foundation surface already contains the optimum amount of moisture, the 
surface should lie lilierally moistened bofurr the first layer is placed so that 
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when the roller goes over this first layer it will force the new material down 
into the old and leave no dividing pin lie. 

5. Puddling. The puddling of (-lavish soils in the cutoff trenches under 
dams is of sufficiently conunon occurrence to require some discussion here. 
This generally means that the trench is filled with water, and the dry material 
is then thrown in. It is a nefarious procedure to puddle any material which 
is high in day. Clay wdl sometimes take up 2Vi times its own weight of water, 
when it Incomes a slimy mass exerting substantial hydrostatic 1 pressure. Such 
ehiy puddled in the core of a dam requires many yean to attain a really stable 
condition. Also in drying it contracts and jtnav leave cracks which produce 
roofing of the* impervious overlying embankment section. A passageway 
through the impervious section is thus provided. 

There is nothing better for a cut off than a puddle trench refilled with genu¬ 
ine puddle. True puddle i< an intimate mixture of stiff clay, sand, and gravel 
thoroughly tamped into place. Properly constructed, it is superior to concrete 
as a cutoff, as the material itself is less pervious and also cracks through such 
I nidi lie walls are practically unknown. 

Cutoff 1 ronches are frequently excavated to reach some layer which is more 
impervious than that immediately underlying the dam. Precautions should 
be taken to secure a bond between the material refilled into the trench and 
the material composing the layer which the cutoff trench reaches. 

6. Building Embankment in Layers. Unless the material is to lie 
placed and settled by the action of water, it should lw» spread in thin layer* 


Rock Fill 



Maximu m High Water El. 4230 
Rock Fill \ 


Pervious Rolled 


11 on 1 Pervious Rolled Fill \ Original Surface 

Approximate Rock Line 


Fin. 1. Norlli and South Dikes, Conrlias Dmn, New Mexico. (From “Design 
and Construction of Conchas I Jam,” F. S. Engineer Office, Cmldoa, Colo.) 


and rolled. Oeeasionallv dams have been built by dumping the material from 
trestles much in the manner that railroad fills are made. Si ch a method 
should never l>o used, as it gives- porous and unstable embankments which 
invite piping and sliding. 

The layers should seldom be over 12 in. in thickness after rolling and usually 
should be very much thinner. Probably the best practice with the usual run 
of pervious materials is to require 8- to 10-in. layers, whereas cohesive mate¬ 
rials that are readily compressible should be plaeed in layers 4 to 6 in. thick. 

The desired density having been derided on, field experimenfntion oil the 
thickness of layers, the amount of rolling, and the weight of the rollers is the 
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only method of determining the economic manner of obtaining this density. 
These experiment r should be coordinated with the control compaction testis 
with regard to moisture content. 

A typical rolled fill earth dam is indicated in Fig. 1. 

7. Wetting Embankment. Iin]>crvious cohesive materials when placed 
Rhould generally have as close to optimum moisture conlent * as practicable. 
Excessive “weaving” of the embankment under the moving load of rollers 
and trucks indicates to exiwrienced engineers and inspectors that the material 
is too wet. If moisture content is excessive the material should be allowed 
to lie until the excess moisture has evaporated or drained out liefore the layer 
is rolled. It may be advisable to adopt drainage measures in the borrow pit, 
and sometimes it may be necessary to move to another borrow pit which does 
not contain ail excess of moisture. 

The lower portions of high earth dams should be compacted a little on the 
dry side of optimum moisture to avoid excessive ]>orc pressures. In fact in 
most cases it is better to place all the material a little on the dry side. 

If tests indicate that additional moisture is desirable in the material, it is 
well to add at least a part of this by sprinkling the previous layer after it has 
lieen thoroughly compacted ami just Ix'fure the additional material is added, 
lieeausc then the pressure and kneading action of the roller will forre the 
water through the material in a fairly even manner. The remainder of the 
water is added to the new layer jusl lieforo rolling. 

With vorj' pervious materials it is usually almost impossible to add too 
much water. To get the best results from rolling, il is necessary practieally to 
saturate the ]>erviou.s layer immediately in advance of rolling. 

8. Rolling Embankment. The sheep s-foot roller is. in general, the best 
tool for rolling the embankment, although smooth rollers may lie useful for 
following the sheep's-foot rollers In smooth up the embankment so that it will 
more readily shed the water in ease of rain. The thickness of layers after 
rolling is generally 4 to 6 in. fm im]M*rvioiw material and 8 in. or more for 
pervious material. The sheepVfnot roller may be arranged to give the de¬ 
sired unit pressure throughout a wide range up to 500 lb per sq in. (assum¬ 
ing one row of feet in contact). The variation in pressure is accomplished 
by adding or taking off feet and by loading the drum of the roller with water 
or sand or both. 

The unit weight of embankment desired is known in advance and will deter¬ 
mine the desiruble pressure to use on the sheepVfoot and also the numlier 
of passes of the roller. The amount of rolling to obtain the desired unit weight 
and the necessary moisture content is determined by experiment. Six to eight 
passes of the Fhoop’s-font are usual. In general the desired unit weight of 
the embankment is somewhat greater than the unit weight which would lie 
eventually obtained by natural consolidation due to the pressure of the portion 
of the dam above. 

*Tlic water content at which maximum density is produced in a soil by a 
specific amount of compaction. 
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9. Hydraulic and Semihydraulic Fill Dams. Hydraulic fill and sewi- 
hvdraiilie fill dams must fulfill llie same criteria of design ns earth clams, which 
are built by depositing material in layers and rolling, but, by reason of the 
methods of construct ion used, they offer an entirely different construction 
problem (see Section 2 for definitions). 

The seniiliydraulic fill method of construction has sometimes boon the cheap¬ 
est and most convenient for a given site. However, certain inherent dangers 
in this method of construction should be appreciated and guarded against, if 
the method is adopted. Dams built by Hie hydraulic fill method have been 
comparatively free from slides during or immediately after construction* 
whereas severul dams eonstrurted by the semihydraulic fill method have had 
slides during construction. 

A fundamental difference in stability during construction thus seems to be 
indicated. The hydraulic fill method deposits the mnlorial from flumes or 
pipes near the faces of the clam: the larger particles stay there and the finer 
ones move toward the center, the finest of all going info the* central pool ancl 
lieing deposited there. Thus the toe and faces oT a dam produced by this 
method are more pervious, allowing water to drain out from the inlerior of 
the diun. Even if most of the drainage from the cores is hv vertical crater 
action, as some engineers maintain, such aelion takes place not onlv in the 
portion of the core underlying the central pool but also in those portions of 
the core* covered by the pervious outer sections of the dam. Hence, whether 
the main drainage of the core is upward, downward, or sidewise, the impor¬ 
tance of pervious outer sections is just as great. 

In dams built by the seniiliydraulic fill method, the toes and faces usually 
have consisted of cur-dump fills. Material is washed away from tlicM* tills 
by jets of w'aler from giants. The finer material goes into a central pool 
and is deposited, forming the core; the coarser particles are dropped near 
the car-dump fill. In consequence of this action, the car-dump fill at the 
face is often more den** and impervious than the material immediately ad¬ 
joining it on the inside of the dam, for this latter material has had the fines 
washed out of it by the action of the monitors. 

In some cases tests have shown that the material in the ear-dumped fills is 
actually more dense ami impervious than that immediately adjoining. 
Through the presence of the central pool and the sluicing operations, this 
comparatively pervious area is kept full of waiter, which exerts considerable 
hydrostatic pressure on the relatively impervious car fill material at the face. 
Thus the car fills in»y form an element of weakness and by imprisoning the 
W'ater may sometimes lie the cause of slides even though the central core of 
fine material is so stable that it exerts no hydrostatic pressure. 

Engineering and economic factors have narrowed the possible me of snini- 
hydruidic fill (hims so that the situations in which they might he used have 
become rare indeed. Consequently, very little space is devoted to them here. 

* The Alexander Dam (Earth Dam Pmjvrtu, p. 7) in a notable exception to this 
statement [11. 
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between maximum and minimum widths prescribed direetly or indirectly by 
the requirements of the eugm<»er. As the water discharges from the sluices 
or trestles, the coarser material is deposited near the faces and the finer 
material flours into the central pool with the water and is slowly precipitated. 
In general, there is a gradation from the coarsest material near the faces of the 
dam to fine sand at the shoulder of the eore pool, the extremely fine material 
being deposited in the core pool. In many cases, however, some of the 
coarsest material is deposited near the faces, hut the body of the nlioll is a 
mixture without the nice gradation of sizes which should theoretically lie 
found in the shell from coarse to fine as the^ore pool is approached. 

Although in all hydraulic /ill dams the material is earned on to the dam 
by water and deposited, there are several different ways in w’liich the mate¬ 
rial may be excavated ami transported liefore it reaches the clam. At the 
borrow’ pit it may be excavated bv hydraulic giants, by dredges, by steam 
shovels, or by drag lines. In the latter two cases the material ih transported 
drv to a hog box where it is mixed with water and then run or forced 
through pipe* to the l»each pipes on the dam. 

11. Materials Suitable for Hydraulic Fill Dams. Not all materials 
are suitable for use in the construction of a hydraulic fill clam. Fine mate¬ 
rials which are very uniform in size should not be utilized for this purpose 
as they are likelv to tie deposited in (lie shell at a density less than that at 
critical void ratio. In this condition a uniform material would be subject 
to a flow slide. Also soils composed almost cxclusixcly of very fine particles, 
such as davs and sills or Mlts and fine sands, cannot be used in making 
hydraulic fill dams ns the particles will nol settle and consolidate promptly 
enough* 

Accordingly, it is desirable that the materials in the shells of hydraulic fill 
dams should be ncnmiuiorm in character, filarial deposits frequently pro¬ 
vide materials which are ideal for the const met ion of hydraulic fill dams. 
The materials range all the way from clay and rock-flour sizes up to stones 
and boulders too large' to Ik* conveniently transported by li>druulir methods. 
Cobble Mountain and Winsnr Dams in Massachusetts, the Miami Dams in 
Ohio, and Kingsley Dnin in Nebraska are all buill of glacial sands, gravel, 
stone, silts, and clays. 

An ideal borrow’-pit material for a hydraulic fill dam might have 15 to 
30 % of fine material (silt and fine sand) from 0.005 mm to 0.15 mm, most 
of w’liieh will be for the core and the rest of the material giading upw r nrd 
from fine sand 0.15 nun to cobbles 6 in. or more in diameter. Betw T een these 
extremes there is a considerable range of materials which may lie success¬ 
fully utilized for hydraulir fill darns. 

Colloidal material in a core should be avoided; even if it is present in the 
borrow pit, it can be wasted from the core pool. The coarse clays and silts 
w’ill make satisfactory cores. 

* For the story of an unsuccessful utlempl to build a hydraulic fill dam almost 
pxcliiMwly of veiy fine mntcriul, see p. 7 (Alexander Dam) of Ref. I, Section 20. 
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Tt was found by the late Allen Hagen f 71 and others that when the effective 
size of the rore material is not Jess than 0.01 mm the core consolidates in a 
very satisfactory manner but that if it contains a high percent age of very fine 
colloidal material it does not consolidate perceptibly during construction. 
Thus it is sometimes desirable to waste the finest of the fines, but if all the 
fines are extremely fine, it will be necessary to use them and to consider 
the resulting increased core procure in the design. 

12. Desirability of Narrow Cores. Accidents have occurred in the past 
owing to the fact that shells were made too narrow to resist the semiliquid 
pressure of the core. In general it is desirable to have the hydraulic fill core 
us narrow as pracl icablc flown to a core slope of 3 on 1 or 4 on 1. Shell mate¬ 
rial, i.e., material outside the core, has a much greater shear strength than 
the core material. Therefore, other tilings lieing equal, a higher factor of 
safety against the internal pressure of the core will result by increasing the 
amount of shell material, decreasing the amount of core material, and si down¬ 
ing the slope of the core (see also Sertion 10, Chapter 21). 

An important point about llio relationship of the core and Hhcll of a hy¬ 
draulic fill dam is that the shell should be tremendously more pervious than 
the core. If the shell is 100 tunen as pennons as the core, the necessary 
requirements of stability and relative permeability will have been met. 
Many shell.' are at least 1(NX) times as pcrviou* as the cores. The seepage 
through the core is practically never of appreciable economic importance 
even in hydraulic fill dams used for water supply. 

Ill view ol the above, if only 10 or 15 tt of the central portion of a hydraulic 
till dam is true con 1 , this is generally enough to insun 1 adequate watertight¬ 
ness. The guru ter width of the core i' just to insure obtaining a port ion of 
the core at the center which is Free from sand intrusions. 

The minimum width of Ihc core should lie not less than 20 ft because it is 
usually impracticable to construct a core narrower than this and >»c sure to 
avoid getting sand lenses through it. For this reason it is usual to require 
that the top 25 or 30 ft of the hydraulic fill dain or at least its core he con¬ 
st rucl ed by lulled fill met hods. 

13. Settlement of Earth Dams. Settlement depends on the character of 
the material in the embankment and the foundation and on the methods 
of const ruction. It is customary to construct earth dams to a somewhat 
greater height and width than the neat dimensions called for by the plans. 
Fot an embankment rolled in fi-m. layers of impervious and pervious mate¬ 
rials, there is no reason for anticipating any appreciable settlement in the 
embankment itself, but settlement may occur in the foundation. For a 
rolled fill dam on an unyielding foundation a nominal allowance for settle¬ 
ment of 1% is sufficient. 

For hydraulic fill dams, settlement due to consolidation of the core must 
lie anticipated and will vary with the clwracler of the material. With 
modern methods (narrow cores and wastage* of the excessively fine fines, 
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including eolloiils), the allowance for settlement of the embankment (after 
completion) need never exceed 4%. This is exclusive of foundation settle¬ 
ment. 

Foundation settlements have ranged nil the way from practically 0 up to 
8% of the height of the dam or more, most of which takes place during con¬ 
struction. Dee]) plastic foundations of relatively unconsolidated clays show 
the greatest sett lenient. 

Considering settlement of both foundation and embankment, the total pro¬ 
vision which should lie made for settlement after the completion of the dam 
will mnge from a nominal 1 % of the heiglij of the dam to a maximum of 
i\ r i or more. Thus if 0% had been determined as the proper allowance 
for settlement after completion and the dam was 100 ft high, it would actually 
be constructed to an elevation of 100 ft above the original foundation 
elevation. 

14. Approximate Quantities in Earth Dams. In connection with pre¬ 
liminary investigation it is frequently necessary to make a number of pre¬ 
liminary estimates of cost of earth dams. Accordingly, in Table 1, there are 
given a number of formulas for Finding the volume of earth daius for various 
heights and slopes. 

TAHLK 1 

Formulas for Volumk of Earth Dams, in (Vmr Varus pkr Linkah Foot* 


|Top width equals 0.25 of the height of the dam] 


Slu]>c or One Kail 1 

Slope of Ollier Fact 1 

Voluiiu* 

1 on 2 

J mi 2 

0.0833/r 

1 on 2.5 

1 fin 2 

0.0026ft 3 

1 on 2.5 

1 on 2.5 

0.1021ft 3 

1 on 3 

1 oil 2 

0.1020A 3 

1 on 3 

1 on 3 

0.1203ft* 

1 on 3.5 

1 on 2 

0.1110ft 3 

1 on 3.5 

1 on 3 

0.1206ft 2 

1 on 4 

1 on 2 

0.1203ft 3 

1 rin 4 

1 on 2.5 

0.1205ft 3 

1 on 4 

1 on 3 

0.1387ft* 

1 on 4 

1 on 4 

0.1574ft 3 

L on 5 

1 on 5 

0.1044ft 3 

1 on G 

1 on G 

0.2313ft* 


* h equals height of dam. 

15. Slope Protection for Earth Dams. The upstream slope of ail earth 
dam always requires protective cover against erosion due to wave, action. 
The top and the downstream slope of an earth dam which is exposed to the 
elements must be protected against, erosion from wind and rain. Usually a 
protective cover which is designed to be safe against wave action is ample for 
protection against the effects of wind and rain. 
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The usual typcfl of protective rovers arc: 

1. Dumped til one riprap. 

2. Haml-plami riprap. 

3. Grouted riprap. 

4. Concrete slabs and blocks. 

5. Bituminous pa\ing. 

0. Planting oil slopes. 

Good atone riprap on r filter lied, discussed in Section 1ft, is considered 
superior for the proteetion of the upstream face of an earth dam from wave 
Motion. Slabs, blocks, unci monoliths of concrete, discussed in Section 17, 
are also used for the upstream face. Bituminous paving built in place by the 
penetration method has Ix'cn used to withstand mild wave action. 

On the downstream face of earth dams, planting with seeding grass or 
other crops, sodding, sprigging with Bermuda grass, or planting with vines is 
generally done for protection against relatively mild erosive action, par¬ 
ticularly above maximum tailwaler elevation. However, if rock or coarse 
clean gravel is plentiful and close at hand, Rich protection is often more 
economical than using a grass rover and topsoil, which are a continuing 
expense to maintain. 

In reservoirs that are emptied frequently, Ihe upstream slope proteetion 
should lx»gin at the upstream toe and extend to the top of the dam. How¬ 
ever, if the reservoir will not he drawn down below a certain elevation, the 
slope protection need not go more than a few foot l»elow this elevation. At 
this elevation the protective can or should be keyed into a lienn t Section 18) 
or be provided with a toe wall of large stones or concrete. 

16. Riprap. Riprap must bn laid on a well-graded filter bed (Section 20, 
Chapter 20) and may be one of three types: dumped, luind-placcd, or 
grouted riprap. 

Dumped riprap consists of stones dumiied in place from ears or trucks, 
or tossed in place by hand. It is the most desirable type of slope protection 
Imm'musc of its self-healing characteristics and its relative economy. This 
type of riprap can readily adjust itself to any settlement in the dam. 

The necessary depth of dumped riprap cannot at present be based on any 
mathematical analysis or on the results ol extended studies of existing rip¬ 
rap, w liieh are badly needed. Opinions differ on this subject. It is sug¬ 
gested that, for estimating purpose's, the depth of dumped riprap lie as¬ 
sumed 1o lie equal to 60% of the height of the waves calculated by the 
Htovcnson-Molitor formula (Section 10, Chapter 17). 

Usually, dumped riprap varies in thickness from 1.5 to 3 ft or more, the 
thicker and heavier riprap being used for the longer fetches and greater wind 
velocities. The stone used for dumped riprup should grade from pieces hav¬ 
ing a least dimension of 50% of the thickness of the layer to those only 3 or 4 
in. in the smallest dimension. 

Figure 3 indicates a lypical construction of dmiqied riprap. 
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band-placed riprap laid like dry rubble is considered equivalent to 3 ft of 
dumped riprap. A minimum thickness of 18 in. in generally suitable, and a 
rommon requirement is that at least 50% of the surface shall lie atones 
which are 18 in. deep. Figure 4 indicates typical construction for hand- 
placed riprap. 

Grouted riprap is hand-placed riprap broomed or rodded with a cement 
mortar. Such riprap is not as stiff as a concrete slab (Section 17) nor is it 
as flexihle as the other lypes of stone ripmp. In the authors’ opinion there 
are few occasions which justify the use of grouted riprap. 

Not all stone is suitable for use as riprap. Slone for riprap should be 
hard and durable and should not break down on long exposure to water, 
frost, and air. Most of the igneous and niotamnrphic roeks and many of the 
sandstones and limestones make excellent riprap. Shales are generally en¬ 
tirely unsuitable. In investigating available roek for riprap, records of service 
of the rock in the locality should serve as a guide to determine* its suitability. 

17. Concrete Lining of Upstream Slopes. Concrete linings for up¬ 
stream slo])o protection deserve consideration where suitable riprap is not 
readily available. Such linings may be one of two types. 

(e) Monolithic Concrete Lining. This type consists of a continuous rein- 
forced-concrete slab over the entire surface, with the steel reinforcement in 
each direction equal to 0.5% of the cross-section area 

Many darns in llio West have a monolithic concrete slab on the iqistream 
face as the sole protection against wave action. This slab sometimes also 
furnishes the impervious incmlier of the embankment. Usually a 6- or 8-in. 
Mali is considered sufficient. The practice has a good chance of success in 
arid climates where the embankment supporting the slab is free-draining 
'-and and gravel. 

(5) ('oncrctc Lining of Square Blocks. In some cases tbc upstream face of 
earth dams has been protected from wave action h> concrete linings of square 
blocks, generally nut larger limn 0 by 6 ft. It is not usually necessary to 
reinforce these blocks. The thickness of the block in inches should be the 
Mime as the dimension of the block iu foot; i.e. p a block ti ft square should l»e 
ti in. thick. The squares should be poured alternately, the blocks being sepa¬ 
rated by layers of three-ply tar pa]>er so that they will adjust themselves 
to the surface of the embankment in case of settlement. Sometimes precast 
concrete slabs of much smaller hisbp are us(*d. 

If the concrete pavmg is monolithic or if the conrrele blocks are set with¬ 
out spaces 1 ietween them, it is essential to provide numerous gravel-backed 
weep boles through the concrete (equal to at least lo'J of total area), unless 
the entire embankment is jiervion*, in order to allow the water id the rin- 
bankment to drain away when the reservoir is drawn down quickly. Other¬ 
wise, hydrostatic pressure behind the concrete lining might break it or cause 
it to slide down the slope and possibly, also, cause the sloughing of some 
of the saturated emlwuikment material. 
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In Ihe design of either type of concrete slope protection it is generally 
important to consider also (1) stresses set up by unequal settlement of un¬ 
derlying material and (2) the severity of the climate and durability of the 
concrete. 

18. Berms. In earth dams more than .30 ft high, berms from 6 to 20 ft 
wide are often used on the downstream face. In high dams berms should be 
used for about eaeli 30-ft difference in elevation. The main function of 
berms is to minimize the erosion from rainstorms, the effects of which may 
be very severe. The outer edge of berms should be higher than the inner 
edge, in order to prevent nun water from flowing over the edge ami down 
the slope. 

A glitter should be pi sid'd at the inner edge of the licrin ami given a slight 
grade to conduct the storm water to the side of the valley, where other 
gutters or storm drains ronduet it to the toe ot the dam. In many of the 
largest and highest earth darns, the storm water from the berms is collected 
by catch basins and conducted through storm sewers to the main drainage 
system at the 1 downstream toe of the dam. If rock or clean heavy gravel is 
used for protection on Ihe downstream face, it is unnecessary to use berms 
for drainage. 

On some dams, lierim are built on the upstream fare, and a berm should 
always be iwd a* a shoulder against which to lmild the bottom of the riprap. 

19. Pipes or Conduits Passing through Earth Dams. The best prac¬ 
tice for passing pipes or ronduits through earth dams is to place the pipes 



Section A-A 

Fin. 5. A suitable method of protecting pipes passing under dam. 

and conduits m trenches excavated in the original foundation material or 
in a trench or tunnel through rock excavated through the hill at the side of 
the dam. Where pipes are used they should be emliedded in roiicrete placed 
in the pipe trench at least up to the horizontal diameter of llie pipe, in addi¬ 
tion to lieing provided with suitable collars in the manner indicated in Fig. 5. 
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Control of outlet pijKW or conduit m should always be from the reservoir side 
by means of suitable valves or gates. With this arrangement it is possible 
to repair defects that may develop m a conduit. 
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CHAPTER 23 


ROCK-FILL DAMS * 

1. General. Rack-fill damp are lined rather extcimively in remote loca¬ 

tions where the cost of cement for a concrete dam would lie high, where 
suitable materials for earth dams are not available, and where suitable 

rock can lie quarried at or near the dam Hite. Attention is called to the fact 

that a foundation might Ik* acceptable for a rock-fill dam but nut for a 

concrete dam. A number of rock-fill darns have been built to more than 

200 ft in height. For example, the Salt Springs Dam |2J shown in Fig. 2 
is 328 ft high, and other, much higher projects are contemplated. Koek-fill 
dams must, of necessity, include an impervious element, which may be either 
an internal core, as in Figs. 5 and fi, or an upstream imiiorviouH facing of 
concrete properly supported, as in Fig. 2. 

The usual type of rock-fill dam lias three fundamental parts: (1) the 
dumped rock fill, (2) an upstream rubble cushion of Inid-up stone bonding 
into the dunqied roek, and (3) an upstream impervious facing resting on the 
rubble cushion. Tn some dams the rubble cushion is replaced by a graded 
filter, and the impervious diaphragm on the upstream face is replaced by a 
relatively heavy earth fill. Such dams, however, are usually referred to 
as ''composite dams” and are discussed in Section JO of this chapter. 

Rock-lill dams are, in general, empirically designed. However, there are 
certain rules of design which must be applied. The stability of rock-fill dams 
is analyzed in the same manner as that of earth dams (Chapter 21). 

2. Foundation. It is desirable and usual practice to clean off the foun¬ 
dation so that ledge rock is exposed (Section 3rz, Chapter 25). If this is lint 
done and the rock is deposited directly on the overburden then it will be the 
shear resistance of the overburden which governs the stability of the rock- 
fill dam, instead of the shear resistance of the rock fill, wlii-’h would govern 
stability if the roek fill were placed directly on ledge rock. 

The essential condition for the foundation of a rock-fill dam is that it 
shall not lie subject to material settlement or to erosion from such seepage 
us may pass through or under it. To prevent such seepage, a cutoff wall at 
the iHittom of the facing may be used. It should be bonded into firm ledge 
roek or other suitable impervious material. If the foundation is anj'thing 

* Abridged from the data compiled by the late Curl Ashley in Clmptcr 20, 
Enginvvring for Damn, by William 1 J . f'reuger, Joel D. Justin, and Julian Hinds. 
John Wiley A Sons, New York, 1945, Vol. 3. 
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other than sound ledge rurk, the instability nf a loin illation blowout must 
be carefully investigated and guarded against. The cutoff wall should extend 
arrows and up the sides of the canyon. Grouting muy be required in the 
lodge rock below the cutoff in order to seal the dam against scciiago under 
the structure. 

The connection between the mq>ervioiib diaphragm on the upstream face 
of the dam and the cutoff wall should be flexible so that a material amount of 
movement in the slab may take place without musing a rupture which would 
produce extensive leakage. The problem is particularly difficult at the junc¬ 
tion of cutoff walls up Ihe sides of the canyon with the flexible concrete fac¬ 
ing, and the design at this point should pemut a large amount of movement 
without danger of fracturing the concrete facing The cutoff wall Bhould be 
able to take any thrust which may lie transmitted to it fiom the impervious 
diaphragm on the upstream face. There is usualh little or no settlement 
at the cutoff, but a shoil distance away from it the settlement may be eon- 
piderable. 

3. Face Slopes. Modern rock-fill dams are usually buill on a ratio of base 
to height ranging between 2 ft and 110 The downstream slope is usually made 



Flfl. 1. Section through Homer P.irk Dam. Colorado (Em/ Ntwn, Vnl 73 

p 660) 

the natural slope of rock dumped Irorn ears or ttucks, or about 1 on 1 3 to l oil 
1.4. If tlie slope is btrepci oi flaltci than this it usually requires additional 
handling. The upstream slope KUiges from the natural dumped rock slope to 
about 1 on h S1oi>cp as steep as 1 on Vi have Iroon used, in the case of the 
Bea\er Park Dam in Coloiado (Fig. 1), but later practice is to build the up¬ 
stream slope with the natural dumped nick slope of about 1 on 1.3, as in 
Fig. 2. Both conservatism anil economy usually favor the upstream face* 
with natural slope 

The uiwtream lace is usually made concave along the WMter rfojie to prevent 
buckling of the facing when settling occurs. Dams exceeding 100 ft in height 
should have a crest width of not less lhan 15 ft, md even low dams should 
not have a crest width of less than 10 ft. The water pressure on a rock-fill 
dam is rented only bv the weight of the rock. No arching or cantilever 
action can Ik? considered as aiding stability. 
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(Pacific (las riiiii Electric Co.. San Francisco.) 


4. Safety against Sliding. AlmoM imv rock-fill dam with an impervious 
upstream fare which il would ho practicallie to build on u suitable founda¬ 
tion will necessarily have a relatively high factor of safety against sliding 
because of the large mass involved. Thu* J. D. Calloway [11 points out that, 
“Oil the assumption of a dam 200 ft high with a crest 15 ft wide, a down¬ 
stream slope of 1 on 1.4 and a unit weight of 100 lb per cu fl for the loose, 
rock and with the water load, ratios of height to base of 1:2.25, 1:2.5, and 
1:3 would have sliding factors fratios of weight of rock to water pressure) 
of 4.50, 5.14, and fi.45, respectively. These ratio** are practically constant 
for nil heights of dams.” Nevertheless the adequacy of the foundation 
should uhvays be investigated. 

Tests have been made to determine the sliding friction angle for various 
types of rock on ledge rock. It is seldom less than 45 degrees. 

5. Main Rock Fill. The rork fill in the main part of the dam must be 
of sound rock which will not readily disintegrate, split, or crush. Thus, 
shales which slake in the presence of air are dangerous and should he rigidly 
excluded. Rock whieli, when shot, shatters mtu very small pieces with a 
high percentage of chips and dust is unsuitable. 

Methods of placing rock fill vary with height of canyon walls mid location 
of quarries. Derricks, cranes, or cableways arr used chiefly when the rock 
fill is obtainable directly at the abutment ends of the dam Frequently, in 
large rork-fill dam construction, railroad cars and trucks transport the rock 
fill. 

Considerable difference of opinion exists as to the height of drop, or lift, 
which is advisable. At Salt Springs (Fig. 2), w’ith granite, a maximum drop 
of 1(15 ft was used, and the settlement in the dam proper was relatively 
small. The practical limit would lie such that it would not seriously injure 
the roek or be dangerous to workmen* 

The size of the individual rocks may vary greatly. With ordinary dump 
trucks the maximum size is about 3 tons. Using air-dun i]hmI railroad cars or 
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very heavy trucks it inay average 10 tons, reaching a maximum size in rerent 
dams of about 25 tons. The sizes if placed by derricks, cranes, or cableways 
depend upon the economical machine capacity. As far as practicable, chips 
and dust ahnuld be excluded from the fill. Certainly, 10% should be the top 
limit for such objectionable material under most conditions. 

6. Rubble Backing of Impervious Face. If a concrete slab fare is 
used, nibble should lie placed as a cushion ou the upstream face of the dam 
and for chinking up large voids, thlis forming a sulistantial backing for trans¬ 
mitting and distributing the water loud on the impervious face to the main 
body of the (lorn. Also the use of a rubble backing has, in some dams, 
penuitted an extremely steep upstream face (see Fig. 1). 

7. Impervious Upstream Facing. As previously stated, most recent 
practice in making the rock-fill dam watertiglil tends to the use of an im¬ 
pervious faring on the upstream slope attached in such a manner os to 
obtain some degree of flexibility to the cutoff wall at the upslreain toe. The 
faring can be made of wood, steel, or concrete. In a few dams it has beeu 
of bituminous concrete. 

Timber Upxtrctm Faring . The older dams were usually faced with wood, 
and its flexibility, which iwnnits the rock dam to settle without significant 
damage, is quite an advantage. It is u&ed frequently in remote locations 
where timber is plentiful. 

Below the minimum water surface elevation, timlier facings are practically 
permanent. Abo\e tliii* elevation, the life of a timber faring may l>c rela¬ 
tively short. Some timber facings have been built of timber impregnated 
with creosote, as on the Sabrina and South Lake Dams nil Bishop Crock, 
California [1], which were resurfaced with pressure-treated Douglas fir 
and rechvood. Such facings have a relatively long life, even in storage 
reservoirs w’here a large portion of the facing is exposed to the air for a 
material part of ihe time. 

Timber facings arc subject to a serious fire hazard nt any time when 
exposed, but this hazard may be largely obviated by the addition of a layer 
of Gunitc on w’ire mesh attached to the tiiulier face or by an efficient patrol 
system. Tunlier fa rings are often economical in remote locations and are 
particularly applicable where the variation in the elevation of Ihe water sur¬ 
face is not great. These facings are usually from one to three layers of 2 by 
12 in. or 3 by 12 in. plank laid parallel to the dam axis and spiked to sills, 
say 8 by 8 in., imbedded in and anchored to the nibble cushion. 

Steel Facing. Sled plates have been successfully used to provide the im¬ 
pervious membrane on the upstream face of rock-fill dams, as in the Pcnroso- 
Iloftemont Dam, Colorado [3], and the Skaguay Dam of Southern Colorado 
Power Co. [4|. Expansion joints of the [T type are generally used, and 
some means must be adopted for anchoring the plates to the rubble backing. 
The plate joints may be riveted and calked or welded. Facing plates range 
from }+ to in. in thickness and should be of copper bearing steel to Teduce 
corrosion. Protection from the action of water and air is secured by painting 



Concrete Facinfi. The general practice is to use reinforced concrete to pro¬ 
vide file impervious membrane on the iipHtrrvini face o/ rock-ldl dams. This 
membrane may l>e a single sheet of concrete or it may Ik* made laminated with 
two sheets. Recent practice of the single slnrt has seciin‘il good results and 
may now be considered standard practice in the United States. 
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It haw boon found that u concrete facing can lx* made safe against water 
pmrnire up to 300 ft with a thickness equal to alxmt 1% of the height with a 
minimum thickness of 12 in. |1J. The reinforcement ia usually made the 
same in Ixith directions and equal to about 0.5% of the cross-section of the 
slab. It is usually planed in the center of the slab except where thickness 
exceeds about 2 ft, in which case two layers may lx* used, one near each faoe. 

The concreie may be placed in 30 to 00 ft squares with expansion joints to 
permit adjustment under settlement of the rock fill, or it may be poured os 
one large mat with roust ruetion joinls only 1*1 ween pours and with rein¬ 
forcing continuous across the joints. The relative length of the upstream 
facing to its vertical height plays an important part in determining the 
method of pouring the racing slab. In high dams in narrow canyons, the 
facing should lx* divided into squares by expansion joints to accommodate 
the larger settlement mo\eiuents to be expected. 

At Dix River Dam |5|, Sail Spring* [ 1, 21, and other dams it has lieeu the 
practice to construct grooves in the rubble cushion approximately 2 ft deep 
by 3 to 4 ft wide along the lines of vertical and horizontal expansion joints. 
The horizontal and vertical conn etc st lingers on which the slabs rest were 
poured in these grooves without the u*o of bottom forms so that they would 
Ixmcl thoroughly into the rock fill. They were not reinforced. Their top 
was finished to line and grade to receive the concrete slabs. 

Some engineers feel that bonding the slab to the rubble cushion tends to 
prevent the free 1 action of the expansion joints. However, as described 
above, it lin- boon demonstrated by actual construction that the concrete 
lacing will adjust itself when poured directly on the nibble cushion. Such 
facing costs less than any other type, and successful experience justifies its 
use. Figure 3 show* some of the more important details of the reinforced- 
concrete facing used at the Halt .Spring* Darn in California. 

8. Settlement and Sluicing. Total vertical settlement in excess of 5% 
of the height has occurred in some rock-fill dams, and the horizontal dis¬ 
placement may lie nearly as great. If, however, the loose rock dump fill is 
constructed in advance of the rubble cushion with a proper use of Bluiring 
water, the initial settlement may In* large; but subsequent settlement, after 
the placing of the nibble cushion and the impervious facing, should not 
exceed 2% of the height. 

In the Halt Springs Dam, height 323 ft, for instance, provision was made for 
a vertical settlement of 0 ft and a horizontal displacement of 4.2 ft. The 
nrtunl vertical settlement at tlie crest has lieen about 2 ft. Settlement is not 
uniform nor is it vertical. The tendency is for movement to take place in a 
direction perpendicular to thr water face. The proximity and configuration 
of the canyon walls have a marked influence on settlement at any particular 
point. At Salt Springs Dam the maximum total displacement took place at a 
distance about 40% up from the ba«c of the total height of the dam. 

Small chips and dust, if present to any considerable extent, will lodge be¬ 
tween the rocks and will later sift down into the interstices of the larger 
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rock under the action of rain fulling on the dam and pasting down through 
it. This may cause a material settlement of the dam with serious move¬ 
ment and cracking of the impervious upstream face. Accordingly the fines 
should be constantly washed into the rock mass with hose streams as the 
fill is being made. The quantity of water which should lie used for this 
sluicing operation will vary with local conditions. Theoretically, if there are 
no spalls or diwt, no sluicing would be required, but practically it has been 
found desirable to use from 2 to 4 times the volume of the dam in sluicing 
water. Continuous sluicing during construction will produce prisettlemenl 
of the fill and thus increase stability. The elimination of lenses of small 
particles thus obtained will reduce local settlement when water pressure is 
applied on the (him. Generally speaking, the use of an adequate amount of 
sluicing water during construction is one of the most important factors in 
the proper construction of rock-fill dams. In this connection, it is of inter¬ 
est to note that in the original construction of San Gabriel No. 2 very little 
sluicing was done and as a consequence the first heavy rain resulted in a 
12-ft settlement causing the destruction of the concrete facing [0]. At 
Salt Springs Dam and San Gabriel No. ] the sluicing water was twice thr 
volume of the roek fill. At Nantahala, N. l\, the ratio of water 1u rock fill 
cxcmled 4. 

In addition to the sol tlenient caused by chip‘s and dust Hifting down into 
the interstices of the larger rocks, referred to above, settlement is also caused 
by the crushing of the bearing points of the rocks when the load comes on 
them from the weight of the rock* above and from the transmitted water 
pressure. Tn this connection it is worth noting that quarry-run rock, which 
contains assorted sizes, provides more bearing points than big rock alone 
of uniform size. 

The settlement is, of course, much greater in the carlv life of the dam and 
is greatest during the first few month 1 *. The dam is usually built from the 
canyon sides toward the center, and as the fill advances from each side 
it causes the roek to settle toward the center. The initial settlement hastened 
by sluicing should be allowed to take place to as groat an extent as practicable 
before the construction of the impervious upstream face is started. 

9. Spillways and Freeboard. It is very nearly as essential to prevent the 
overtopping of a rock-fill dam in time of flood as it is an earth dam. Any type 
of spillway suitable for an earth dam is also suitable for a rock-fill dam. In 
many cases the "side channel" type of spillway (Section 3, Chapter 2G), where 
a spillway channel is cut through the lodge rock at one tide of the dam, has 
been utilized. Sometimes the discharge from such a spillway is through a 
tunnel. Other things lieing equal a "paddle” spillway (Section 4, Chapter 2fi) 
remote from the dam itself is desirable. 

10. Composite Type of Rock-fill Dam. This type consists of a rock 
fill on the downstream side of the dam and an earth fill on the upstream side. 
Such a dam, when properly constructed, produces a very stable and satisfac¬ 
tory structure. The earth fill furnishes the watertight portion of the dam, 
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an intermediate section provides a filter, 
and the rock fill forming the down¬ 
stream portion provides ready drainage 
for seepage water and adds a greater 
degree of stability to the Mrupture than 
would generally be piovided by an 
equivalent amount oi euith. Glenvillc 
])nm, shown in Fig. 4 y is an example of 
the composite type rock-fill dum. 

11. Earth-core Type of Rock-iill 
Dams. A conventional type of rock- 
fill dam having an impervious element 
consisting ol an earth core in the eentei 
of the dam is indicated in Fig 5. A 
somewhat unique tyjie m which the rore 
lb con-ideralilj me lined upstream, as m- 
dieated in Fig. 6, was conducted on 
the Nantnhalu River in western North 
Cuiolnm in 1941, by the Nnntahaln 
Power and Light Company The Nan- 
tnhala Dam was designed and con¬ 
structed under the direction oi J. V 
( Irowdon, Chief Hydraulic Engineer of 
the Aluminum ('nmpim of \menea 
The arrangement of the inclined lm- 
pemous diaphragm of earth, with filters 
both above anil below it, is believed to 
be original with Mr Growdon 

The earth-pore type of rock-fill dam 
i* particularly adapted to loc.ition* 
wheie there is a plentiful supply of 
good rock fill and, at the same time, 
sufficient eaith for the core In addi¬ 
tion, the earth core possesses certain 
advantages over the concrete slab or 
other conventional faeiugs frequently 
used for lock-fill dams. Tt can yield 
readily to settlement of the roek fill 
without damage; it is self-healing with 
respect to anv cracks which mav be 
formed. Because of this feature dams 
of this tyjM 1 often ha\c lest, seepage than 
rock-fill dams with a concrete fare. The 
slippage nt Naniahala, for instance, ib 
only about 6 ru ft per min. 



Fiff 4. Glenwlle Dam (Xantahala Power and Light Co., North Carolina) 
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As shown in Fig. 6, the core is protected on both sides by filter layers. The 
downstream filler prevents loss of core material by piping due to pressure of 
reservoir water, and the upstream filter affords similar protection against 
reverse flow* when the reservoir is drawn down. 

The required thickness of core depends on Ihe permeability of the material. 
When highly impervious fill is available, a very thin blanket would, theoreti¬ 
cally, suffice. However, practical considerations also govern, such as adequate 
space for spreading and rolling and the provision of an ample mass to allow* 
for deformation duo to settlement of the rock fill. These latter considerations 
determined the thickness of the Nantuhahi eore. 

Similarly, the thicknesses of the filter layers will, in general, be governed 
by practical const ruction requirements. Some “seasoning”—migration of fine 
particles near the layer boundaries—is certain to take place, and an ample 
margin must Ik* allowed for this, as well as for the inaccuracies in placing, 
which are unavoidable in rapid construction. Tests on efficiency of available 
filter material are usually made (Section 20, Chapter 20). 

Considering the general case, it is obvious that the con* could be placed 
anywhere within the section from a position at the center, as in Fig. 5, to a 
position nearly parallel to the upstream slope, as in Fig. (i. In the vertical 
position, the water pressure is transmitted horizontally 1u the downstream 
rock fill, so that generally, in order to secure adequate stability, Ihe down¬ 
stream slope must be flatter than the angle of repose. Moving the* eore from 
this position 1o progressively flatter positions upstream permits a steepening 
of the downstream slope but requires a corresponding flattening of the up¬ 
stream slope to provide protection against upstream sloughing during draw¬ 
down. 

In an investigation of the optimum position of the core, (ilciiuoii Gilboy lias 
found that shifting the eore over the full possible range will not change 
materially the total yardage of the dam. He concludes, therefore, tliat econ¬ 
omy of design appears to rest mi eunsulerations of efficient construction rather 
than on total yardage. 

lie points out that locating the core in such a position that the upstream 
face of ihe downstream rock fill can 1 m* built on its angle of repose will offer 
the following economies. 

(a) Sufficient stability against direct water pressure wdl be obtained with the 
downstream face at its angle of repose, thus uvoiding, for the entire downstreuui 
rock fill, any expensive rehandling when placing. 

(b) The downstream fill can be placed well in advance of the core mill take a 
large 4 part of its settlement before the core is placed upon it. 

(r) The downstreuui filler can be placed tit its angle nf repose 4 , avoiding the use 
of batterboards or sawtooth construction in this very important element of the 
dam. 

The crucial feature of design of a dam of this type is the stability of the up¬ 
stream slope when subject to rapid drawdown of the reservoir. Proper 
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methods for testing foi stability under such conditions are described in 
Chapter 21. 
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CHAPTER 24 


TIMBER DAMS AND STEEL DAMS 

1. General. Timber dams and steel danjs are not very extensively used 
in the United States. Incrcusod costs of kith timber and steel have made 
other types of dams more economical. Occasionally conditions may still favor 
the construction of timber dams where timber is plentiful anti transportation 
difficult. A change in ihe relative price of steel may again bring the steel 
dam into popularity. Because of a foundation failure of the Hauser Like 
Steel Dam [4|, which had nothing to do with the fact that it was a steel dam, 
this type of darn has an undeservedly bad repul til ion. Only three important 
structural-steel dams |1, 2, 3, and 4| have been built in the United States. 

Under some conditions a multiple-arch or slab-type buttressed dam made 
entirely of steel except tor a concrete foundation, with face plates of standee 
*tccl and buttresses made up of structural-steel columns, struts, and braces, 
might comjietc with a concrete structure of similar type, provided that engi¬ 
neers were willing to consider it. With proper attention to maintenance, espe¬ 
cially to the painting of the exposed structural steel, such a structure should 
be just as durablo us Ihe concrete dam. 

A general outline of the forces acting on flams and the requirements for 
their stability is given in Parts B and C of Chapter 17. 

A. Timber Dams 

2. Advantages and Disadvantages of Timber Dams. The life of a 
well-built liinlHT dam lias l>een variously estimated at 20 to ->0 years. How¬ 
ever, it is usually difficult to estimate the life of a structure that is properly 
maintained. Dams reputed to be NO to 100 years of age have been eired, but 
probably a very small ]HTrcntagc of the original timber remained in such 
dams. 

The maintenance charges for timlier dams are large, particularly at sites 
where large floods and ice runs are frequent. leakage is frequently very 
great, and the leaks are often cvredingly difficult to repair if the dam is rela¬ 
tively high and if a drawdown of the pond for repairs seriously affects opera¬ 
tion. The large maintenance charges and leakage have, created a prejudice 
against this type of dam. Then* are doubtless many instances, however, in 
which a concrete dam has Urn constructed when true economy would have 
dictated the selection of a tiuikr structure. 
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* THE ROCK-FILLED CRIB TYPE 

3. The A-frame Type. Figure 1 shows a t>pe of timber dam known as 
the A-frame type. It is generally built of squared timbers and planks mid 
ib not roek-filled. For its stability it dependh on the weight oi water on itb 
deck and the anchorage of the sills to the foundation. It w probably the an¬ 
cestor of the remfoieed, flat-deck, hollow tjpe of concrete dam. The deck 
makes an angle ot 30 degrees or less with the horizontal. 

The sills, a, are tirM fastened to the ledge rook by wedge bolts or anchor 
holts, preferably grouted m The struts, b, are then framed to the sills and 
hold in place l>v eross-bracing and batten blocks. The wales, r, an 1 then 
placed, the entire structure liemg thoroughly drift-pinned together. These 



1 tents aio pl.ieed Irom 6 to 12 ft apart, aecoiding to the height of the dam 
and the hzc of liiulicrs used Aeioss the bents are placed the studs, d to 
w T hich the lagging, e, milled The lagging should lie either tonguod and 
grooied or lapped and should not be less than 2-in stuff 

4. The Rock-filled Crib Type. In this ivpe of tunlier dam, mbs of 
round or squared tunliers are dnft-ltollcd together, filled with rock fragments 
or bouldeib, anil topped by a plunk deck The timbers are usually spaced 
about 8-ft renters both wavs. The boltom timbers of the cribs are often 
pinned to the lock foundation iJ the site is not submerged Figure 2 shows 
a typical dam of this kind; but mum diffeient lornis have Ix^on adopted 
For rock foundations, the shape of section indicated in Fig 2 is frequently 
alleied to lesonihle that of the A-frame type, in order to lake advantage of 
the weight of the water on the sloping deck. This procedure obviates the 
necessity of the rock fill for stability against overturning, but the close cnb- 
work presides tor a more* substantial body of the dam than that indicated in 
Fig 1 As in the A-frame type, it will then lie necessary to anchor the base to 
the rock to prevent sliding. For low dams on sort foundations, where erosion 
from overflow would be serious, this section is usually reversed, having a 
nearly vertical lqisticain face and a long, sloping downstream face, frequently 
stepped, in order to drop the water without great disturbance. Between these 
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extremes many shapes of section have been adopted, some having both up¬ 
stream and downstream faces sloping or stepped as in Fig. 2. 


Fhod Water Swrfaae. 



6. The Beaver Type. Another type of timber dam, which is used infre¬ 
quently and only for low heads, is the beaver-type dam. Round timings are 
used for the bents as in Fig. 3. The upstream slope of such a dam should not 



Fio. 3. Beaver type of timber dam. 


be steeper than 1 on 2. The butts of the timbers all point downstream. Be¬ 
tween the butts are placed spacer logs, which are drift-pinned to the other 
logs. Also, the tips of the timbers pointing upstream are drift-pinned together 
nnd the bottom timt)ers are fastened to the foundation with anchor bolts, if 
possible. There is usually a plank deck. Sometimes a mat of brush or the 
branches of the trees take the place of the plank deck. 

6. Stability of Timber Dams. The theory of design of masonry dams, 
given in Chapter 17, is also applicable to all types of timber dams. While 
uplift is not present in any tyj>e of timber dam, the submerged weight should 
be used below the elevation of tail water. The effective weight of submerged 
rock fill is 

tc. — (w — 62.5) (1 — p) 


w 
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' TIGHTENING THE FOUNDATION 

where w is I lie weight of 1 cu ft of solid stone in air and p is the percentage 
of voids in the fill. It must he rememlierod that the percentage of voids in 
the stone fill, in the small spaces between the layers of timlier m the crib- 
wnrk, may be very large, dejiending upon the care with whirli the fill is placed 
and the relative size of the timbers and the large stones. The buoyancy of 
the tiinlier depends, of course, on the kind of limiter used. Frequently as 
much as 26% of the entire* volume of a rock-filled enb dam is eomposed 
of timber. 

On aecount of the relativr lightness of timlter dams, the dimensions neces¬ 
sary to ] ire vent sliding are almost always sufficient to prevent overturning. 
For stability against sliding, the effective weight of a rock-filled rrib dam on a 
rock foundation, including the vertical water pressure on the upstream face, 
ranges from 2.5 times the horizontal pressure of the water for unimportant, 
temporary structures on rough foundations to 4 times the horizontal pressure 
for important dams on smooth foundations. 

The stability of A-frame and beaver daiHR, which have no rock fill to pre¬ 
vent sliding, deprnds almost entirely upon the strength of the pins that fasten 
the dams to rock foundations, unless the foundation is so rough ns to permit a 
horizontal support for the bottom timbers. Friction of wet timber on stone is 
very small. 

The factors of safety to prevent sliding of timber dams on earth foundations 
follow closely those recommended for masonry dams on earth. 

The timbers of the dam should be investigated for strength to transmit the 
loads 1o the foundations. In rock-filled tlams, much of the load i* transmitted 
through the rock fill, thus relieving the stress on the lower timliors. 

7. Tightening the Foundation. If the dam re^ts on a rock foundation, 
the lagging at the upstream toe should be framed as closely as possible to the 
rock and the junction should lx* properly sealed. In some dams the roek is 
carefully cleaned and a laver of concrete deposited against the toe, as indi¬ 
cated in Fig. 1. In others a fill of impervious earth is deposited against the 
upstream face of the dam, provided the velocity during floods is not sutficient 
to disturb it. Low dams on sill-la den streams may have a tight layer of sedi¬ 
ment deposited against them during the first freshet. 

Without adequate sheet piling at the upstream toe, timber dams on earth 
foundations are precarious even though an impervious fill is placed above ihe 
darn. Great care should be exercised to obtain a tight bond between the top 
of ihe piling and the lagging of the deck, and a splice plate of steel thoroughly 
fastened by lag screws is advisable, as a slight movement of the dam is likely 
to loosen the junction. It is also advisable, where sheet piling is used, to 
provide a vertical upstream face at least 4 or 5 ft high and allow the sheet 
p ilin g to lap this face completely, in order to afford better opportunity for 
fastening it to the dam. This arrangement is shown in Fig. 2. 

For further general information on foundation treatment refer to Chap¬ 
ter 25. 
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8. Protection against Erosion. Spillway rlainn must be protected against 
erosion from tho overflow, if the found,* it ions are soft. This is usually accom¬ 
plished by sloping or slopping the downstream fare, as indicated in Fig. 2, 
and providing an apron to protect the foundations. The apron should be a 
low rock-filled crib with sufficient roek above tho bottom timbers to prevent 
flotation; or the apron may lie anchnml to round piling. As shown in Fig. 2, 
a row of short piling and a fill of large roek fragments protort the lower end 
of the apron from being undermined. (See also Section 5, Chapter 25.) 

B. Choice of Type. The beaver type of timber dam is the lowest in cost 
if plenty of timber is available. With morg expensive timber, the A-frame 
type is usually the rhcnjiest. Brush-topped leaver dams are seldom used for 
]x?mument structures. 

The advantage of the beaver and A-frame types over the roek-filled is 
found in their smaller first ro*t and lower maintenance charges. Rock-filled 
dams are hard to repair, as the timl»ers, being buried in the fill, arc difficult to 
replace. The greatest objection to the A-frainc type is its danger of failure 
when neglected. The rock-filled dam is in a large measure supported by the 
fill and will stand some time after the timl>ers have become materially de¬ 
cayed. 

Til the usually remote contingency of nearly complete Rubmergcnrc, which 
results in negligible head on the crest, the beaver and A-frame dmns are likely 
to flout. Neither of these types w easily constructed in deep water, while crib 
dams can be partly constructed on land, floated into place, and sunk by filling 
with "tone. 

The A-frame type is not particularly suited to earth foundations requiring 
«licet piling, as the desirability of a vertical upstream face for lapping the 
sheet piling, as previously descrilted, reduces to a considerable degree the 
length of the sloping deck, on which The vertical water pressure is necessary 
for the stability of the dam. 

10. Limitations of Timber Dams. Book-filled timlicr dams have been 
constructed successfully to a height of about 70 ft, but very few are higher 
than 20 ft. The bonier t\pe is limited by the length of the trees available. 
A-frame dams higher than 20 ft are seldom encountered. 

B. Steel Dams 

11. Advantages and Disadvantages of Steel Dams. The advantages 
of steel dams are 

1. Greater speed in const ruction. 

2. Claimed less cost. 

3. Stresses mme determinate. 

4. Grenier flexibility to resist unequal sett lenient without excessive leakage. 

5. Uususceptibility to frost action. 

6. Easier repair of leaky joints than in hollow concrete dams, owing to modem 
welding processes. 
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Although the avornion to steel danw has heeii mitigated to a great extent by 
the excellent records of Ihe Ash Fork and Retlridge Dams, there still remain 
the following defects, some of which may l>o immaterial but which nevertheless 
have influenced in the past their rejection as powjhilities. 

1. Steel is not considered us permanent as concrete, particularly solid con¬ 
crete dams. 

2. »Stoel requires greater and more constant maintenance than concrete. 

8. Steel dams, being lighter, am not as adaptable for absorbing the shock from 
vibiations of spilling water. 

4. The types of Meel dams which have been built require anchoring to the 
foundation, a procedure tluit is possible but that is not considered good practice 
loi concrete dams. 

5. Steel dams demand considerable concentration of bearing stresses, as in 

Fig. 6. 

12. Design. The theory for the design of steel dams is the same as do- 
sorilied for buttressed concrete dams in Chapter 19. There are two general 
types of gravity hteel dams. 



The direct-strut ted tvpe, shown diagrammed ically in Fig. 4, i« the simplest. 
It carries the load directly from ihe deck to the foundation through inclined 
struts. 

The cantile\er tv|>c cnnri*ts ni variations of the direct-stmt led type, in 
which the Motion of the bent supporting the upper part of the deek is formed 
into a cantilever truss, as shown m Fig-. A and C. This type introduces a 
tensile force in the deck girders tlml must be taken care of. This can lie done 
in three 1 ways. 

1. The deck girder can be anchored into the foundation at the upstrenm toe. 

2. Ho\ey* Miggtst* tlmt the tension at the up"tieum toe, and hence the 
necessary anchorage, can be reduced by flattening the slope* of the lower htruts 
in the bent, as shown in Fig 6. That is, as the water loud normal lo the deck 
girder ih tiunsferrcd to the flattened Mint, a component stress ib induced parallel 
to the deck girder which will induce Ihe tension This adds considerably to the 
expense, however, becaune the struts must be not only longer but also of a 
heavier section. 

♦See p 26 of Kef. 5. 
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3. The entire bent cun be framed together rigidly so that the moment of the 
weight of the water on the lowrr part of the deck may be utilized to offset the 
moment of the cantilever. Bainbndge says 161, however, that the cost of tliiB 
bracing would be excessive. 

Bainbndge states also that there is little difference in cost between the di¬ 
rect-strutted ty]>e of Fig. 4 and the cantilever tjpe of Fig. 5. However, all 




of steel dam. 


three of the steel dams that have been constructed in this country and sev¬ 
eral that lime been designed are uf the cantilever type requiring anchorage 
nt the ujistreani toe. 

The cantilever tvpc requires the lesser width of base This was one of the 
considerations affecting the choice ut that type lor the Rcdridgc Dam The 
cantilever typo, having a vertical dowiistieam face, is more adaptable to spill¬ 
way dams. However, it is not known whether this feature or the question of 




Flu. 6 Cantilever type of steel dam, struts flattened. 

economy dictated the choice of the cantilever type for the Ash Fork Darn. 
The Hauser Lake Dam was of the cantilever tyj>o but also lmd an extensive 
apron to carry the overflow. Of course, where satisfactory anchorages nre 
not obtainable, the direct-strutted type must lie used. 

No attempt will be made in this book to design the steel members of the 
dam. For this, a standard textbook on structural-steel design should lie con¬ 
sulted. For an example of a design of a 100-ft steel dam, reference may be 
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made to a paper presented Ixrfore the Western Society of Engineers by Bain- 
bridge [6]. 

13. Slope of Face. As in hollow concrete dams, the upstream face of a 
steel dam is built on a slope in order to take advantage of the weight of the 
water for stability. Uovey ha* shown [7] that a rigid complete right-triangu¬ 
lar frame similar to the sha]>e illustrated in Figs. 56 and 66 would be in exact 
equilibrium for rotation aland the downstream toe if the face were inclined 
at an angle of 54° 44' with Ihe horizontal, neglecting the weight of the struc¬ 
ture itself. The Ash Fork and Redridgc Dams, however, were both built with 
slopes of 45°. The Hauser Lake Dam was constructed with a 1 on 1!4 slope. 
Bninbridge [6] says that for economy the slope should never be llatler than 
45°, since as the angle decreases below 45° the weight of the face plates and 
deck girders is increasing faster than the cosecant of the angle, and the weight 
of the supporting struts i* also increasing. Buttressed concrete dams are 
usually built with approximate!} a 45° slope. 

14. Face Plates. The deck is made up of cylindrically curved plates, 
as illustrated in Fig. 7, placed concave to the water. These act practically as 
a suspension system [7| and will be found more efficient and economical than 
flat or buckle plate*. These plates may lie either riveted and caulked or 
welded to make a perfectly watertight face. 

To provide for a reasonable amount of corrosion of the surface without too 
large a percentage reduction in thickess, a minimum thickness of plate of \ 
in. is common practice in the design of steel pipes, wiiere the conditions of use 
are similar to ihose in the fare plates of a sleel dam. A minimum thickness of 
% in. was adopted oil the Ash Fork and Redridgc Dams |6|. 

The tension at the connection of the plates to the fleck girders will l>c bal¬ 
anced throughout the dam except at the abutments. Here anchorage nuisl 
be provided to prevent bending in the web of the last deck girder. 

15. Deck Girders and Bents. The deck girders supporting the face 
plates are most economically designed as continuous beams 171 with struts 



Fin. S Types of bracing. 

spaced at increasing interval* from toe to crest. These* stmts, together with 
the girders, arc* arranged in a series of Iwnts. Bracing is provided lietween 
Ixmts, w'liich are grouped together ns shown in Fig. 8. 

The spacing of the lients is a matter of economy. At Ash Fork and Red- 
ridge Dams the bents wore placed 8 ft center to center. 

16. Expansion and Contraction. The bays lietween bent groupings are 
left free of bracing to allow' the curved pi ides to take up any lateral expansion 
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or contraction. It is essential to provide against any such movements at the 
abutments and foundation with good aurhorage in order that these connect 
tioiw will not tic loosened and cause leakage. 

17. Foundation. Good anchorage for taking up the tension in tho deck 
girders of the cantilever-type steel diuu and for restraining temperature move¬ 
ments at the abutments and the foundation can lie obtained by drilling into 
the rock and grouting anchor bars in place. Plain rods can lie grouted in holes 
to develop their full strength. Tests in the field can be conducted to deter¬ 
mine the proper details. 

The anchorages must engage a sufficient weight of the foundation to bal¬ 
ance the existing tension with ample factor of safety. The estimated hydro¬ 
static uplift at the end of the anchors must deducted to determine tho 
effective weight of the foundation for that purpose. Direct tension in the 
foundation should be neglected, but ouch anchor cun lie assumed to engage* a 
wedge-shaped portion of the foundation with central angle depending upon 
the nature of the rock. This is mainly a matter of judgment. Consolidation 
grouting, as explained in Section Hr, Chapter So, at the top of the grouted 
cutoff, will materially improve anchoring in fissured foundations. 

In the Redridge I)am, the steel structure is anchored to a concrete liase, 
thus stabilizing the entire structure. Steel sheet piling driven for a cutoff may 
provide sufficient anchorage. ThN method was used for a section of the 
Hauser Lake l)ain [3J. 

Tt ih essential to make all conniptions to the abutments and foundations 
watertight. Tf there is to lie a concrete cutoff wall, the face plates should 
lie buried in the concrete. On solid rock it is best to build a low ronerete wall, 
well anchored to the rock, and imbed the face plates in the concrete. The 
plates may also be welded to a steel sheet pile cutoff. In order to make the 
connections at the foundation, the run oil face plates are replaced by flat 
steel plates. These are connected to the* curved plates bj means of a segment 
cut to fit and welded in plare. The flat plates may then be bent down into 
the concrete wall or against the steel sheet piling. 

The remainder of the foundation problem is no different from that dc- 
serilied for concrete dnins, Howc\ or, in horizontally stratified rock, the hori¬ 
zontal shearing resistance should lie assumed to lie limited to the width of the 
base of the individual struts unless suc h bases are deeply imbedded. 

There is, of course, no uplift on the bases of the struts. However, the 
problem of eliminating or balancing uplift on horizontally stratified planes 
below the base is no different from that for a solid concrete dam. 

18. Durability and Painting. The Ash Fork and Redridge Dams were 
built in 1898 and 1901, respectively. Up until 1935 the Ash Fork Dam had 
lieen repainted on an average of each 7 to 9 years and the Redridge Dam had 
l>ecii repainted only once [5], Both dams ato claimed In be in excellent 
condition. It is evident that there will be little quoslion of the durability of 
the steel provided it is adequately protected by paint and that paint is prop¬ 
erly maintained. It is entirely possible that, in the future, with the develop- 
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ment of economical noncorrosive steels, the need for vigilant maintenance of 
a protective coating of paint will he eliminated. 

19. Quantities and Costs. Bninbridgc has computed thul tlic quanti¬ 
ties in steel dams average about 12,500 lb i>er lin ft of dam for a dam 100 ft 
high [6]. lie states that the Adi Fork Dam, 42 ft high, averaged about 2000 
lb per Jin ft of dam for face plates and deck girders and about 1500 lb per lin 
ft of dam for struts and bracing. 

Published estimates of steel dams indicate a lower cost than that of any type 
of coniTPle gravity dam for the same site T6, 7, 8]. 

Estimates by Stanley [S| indicate that the higher the dam the greater the 
advantage of steel with respect to cost. This fact has also been noted [ii, 7] 
by Buinbndgc and Hovcy. 

20. Steel Arch Dams. Arch dams composed of steel are feasible, but to 
the author’s knowledge they have never been built. A dam of tins type has 
been proposed by Stanley [8J. 
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CHAPTER 26 


PREPARATION AND PROTECTION OP FOUNDATIONS 

FOR DAMS 

1. Scope. With the exception of foundations for dams, llie problem of 
adequate foundations for tho many structures appurtenant to hydroelectric 
developments is no different from that of structures for other uses. The 
foundations for dams deserve special discussion. The subject has boon ade¬ 
quately treated in books on dams. This chapter will cover those features 
that aiTect the choice of type of dam und the general design and that provide 
information, as far as possible, for estimates of work involved. 

2. General Considerations. The term “foundation” os used herein means 
all that part of the area under and adjacent to the dam which in any way 
will be affected by loading, scour, or leakage. A good foundation is of ample 
strength to withstand the weight of the structure and to prevent sliding. It 
must be light enough to prevent excessive leakage; uplift must l>o reduced as 
much as possible; and discharge from the overflow or outlets must not 
damage it. 

Considerable preparation is always necessary in order to provide the 
requisites of a good foundation. It is probable that more than 90% of nil 
failures of masonry dams have been caused by faulty foundations. 

Shallow overburden is always removed to obtain a rock foundation for a 
dam. However, where the depth of overburden is excessive, dams up to aliout 
06 feet, in height have frequently been built on earth. As the cost of a dam 
oil earth is considerably greater than one on rook, the choice of which to use, 
when the rock is neither very deep nor very shallow Incomes un economic 
problem. 

3. Treatment of Rock Foundations, (a) Final Surface of Rock Foun¬ 
dations. Surface rock is usually so badly weathered as to be unsuitable for 
the support of a dam. Excavation to considerable depths is sometimes neces¬ 
sary before rock of an acceptable nature is uncovered. Without extensive 
subsurface explorations, it is sometimes impossible to determine the depth 
of suitable foundations. However, the service's of a competent geologist and 
the examination of rock cuts in the vicinity will be helpful. 

There should be as much resistance to sliding below the surface of the 
foundation as at the surface. If, therefore, an otherwise good foundation of 
fiijn rock contains loose horizontal or nearly horizontal strata on which there 
is danger of sliding, the foundation should be treated as explained in Section 
19, Chapter 17. 
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For buttressed dams on uneomonted shales, with weak, nearly horizontal 
bedding planes or other types of weak foundations, a d(*ep heel trench, below 
the upstream sale of the dam, excavated by line drilling and broaching, is 
provided to be filled with reinforced concrete securely anchored to the dam, 
ns in Fig. 1. 

In order that the masonry of the dam shall have the maximum possible 
bond with the foundation, it is necessary that the final roek surface be abso¬ 



lutely clean. The thinnest film of dirt of any sort on the surface of the rock 
is capable of destroying adequate liond and may del eat the entire purpose of 
the cleansing ojieralions. 

There should be no large overhanging faces in the rock inundation, and 
vertical faces should Ik* avoided, except where they coincide with vertical 
building joints, as they tend to chum* shrinkage cracks, and excessive shearing 
stresses. 

Where roek, such us uueemented shale, tends to disintegrate when exposed, 
the final trimming should not be done until just liefore the concrete is to lie 
placed; otherwise the roek might dry out and, when again saturated h) the 
water from the concrete, might form a layer of mud between the foundation 
and the dam, offering no l>ond and little resistance to sliding. 
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In extreme cases, where the rock disintegrates by slaking quite rapidly, the 
final foundation, as soon as uncovered, should be routed immediately with a 
bituminous or asphaltic waterproofing material. This procedure not only is 
of greatest importance in soft shales, but also adds to the strength of the 
bond between the shales and the concrete. 

(6) Reduction of Leakage, Some seepage or leakage through rock founda¬ 
tions is to lie expected, us bedrock is seldom, if ever, entirely unbroken. The 
chief objections to such leakage are its effect on uplift, the possibility of its 
washing out intermediate layers of clay or sand, waste of water, and objec¬ 
tionable appearance. 

To confine the leakage to a reasonable quantity, it is necessary, with poor 
foundations, to provide a cutoff or artificial imi>erviouH curtain barrier under 
the heel of the dam. For rock foundations there are two general types of rut- 
offs: find, a trench filled with concrete, ami .second, curtain grouting eon- 
Msting of holes drilled at frequent intervals and grouted under pressure. 

The first type is much to be preferred if it can l>c const metod at reasonable 
cost. Before the use of grouted cutoffs liecame common, the concrete cutoff 
was sometimes carried in exceptional ca« 0 H to depths of 50 ft or more. Al¬ 
though its advantages are obvious, it has l>ccn found that the grouted curtain 
cutoff is usually sufficiently effective and costs much less. 

Most high masonry dams arc provided with a grout curtain at the upstream 
end of the base to reduce leakage, in conjunction with drainage holes imme¬ 
diately downstream Trom the curtain to relieve the foundation of uplift pres¬ 
sure, as described in Section 7 of Chapter 17 and later in this chapter. For 
low dams on good rock foundations, such grouting and drainage are not neces- 
•nry, as indicated in Sections 7 and 18 of Chapter 17. 

(r) Grouting Rock Foundations. Grouting of rock foundations serves both 
for tightening to prevent leakage and reduce uplift and for consolidating 
seamy and broken foundations to make them stronger. Cement grout um tally 
ronsihts of n mixture of neat cement and water. Thin grout travels farther 
than thick grout. Hence, it is customary to start with a thin mixture of 1 
part of cement to 5 or 6 parts of water and gradually thicken the grout as 
the hole tightens. This procedure not only reaches remoter seams but also 
offers a minimum of disturbance of the natural format inn. A mixture of 1 
part of cement to about 2 parts of water is frequently adopted for the final 
grouting, but where the rock is loose, a mixture of 1 part of cement to 0.6 
part of water has been used. Whcro there is difficulty in sealing a seam, saw¬ 
dust or shavings may l>e added to thick grout. 

Hot asphalt grouting has been found successful [6| for cavities containing 
running water. 

There are several typos of grout curtains to prevent leakage, the choice 
depending upon the nature of the foundation. Each type consists of one or 
several lines of holes. More than one line of holes is not necessary unless 
rather high pressures are required for the deep holes, in which case several 
other parallel lines of shallow holes may be required to consolidate the surface 
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over a wider area. The difference lietween the methods is in the relative 
depth and sequence of grouting the different hole's in the curtain. 

Fault gouges, stiff clay, or mudstone in thin layers are not particularly 
objectionable, as far as seepage is concerned, but warns containing mud, silt, 
or sand may wash out after the reservoir is filled. These materials, therefore, 
should be cleaned out of tlic wains Iteforc grouting. For large solution chan¬ 
nels it is brat to provide access, clean out and concrete, grouting being 
applied for a final seal. 

The upper end of all holes to be grouted should be provided with threaded 
pipes, which can be connected to the grouting machine. These pipes must be 
anchored or weighted to prevent a blowout during the process of grouting. 
This is sometimes done by cementing the connecting pipes into the drilled 
holes, or by placing them in n concrete cutoff curried far enough into the rock 
to provide ample grip. The drilling, in the hitler case, is usually done through 
the pipes. 

Pressures used for grouting must be carefully limited to those that wdl not 
lift or otherwise move any part of the foundation or adjacent structure^. On 
the other hand, the pressures must be us great as are allowable for speedy 
work and the largest possible coverage. 

When difficulty is experienced in adequately grouting the surface layers 
without lifting them and when it is feared that high-pressure deep grouting 
may lift the foundation, curt am grouting is done from a gallery after the dam 
is built or partly built. Machines ran lie obtained to drill vertical or inclined 
holes in a 5- by 8-ft gallery. 

For curtain grouting, the required depth of the deepest holes naturally 
depends on the nature of the rock in the foundation. The general rule that 
the deepest grouting should extend below rock surface a distance equal to 
one fourth of tlic hydroslatic head aliovc rock surface is too inaccurate for 
serious consideration. The only accurate determination of required depth is 
a water-pressure test to determine leakage in segregated zones at different 
elevations. This test for each hole consists of pumping clear water into the 
hole at fixed pressure and measuring the discharge. 

As more fully descrdied in Chapter 7, most unweathered cemented rocks 
possess sufficient strength to support dams of usual height. However, special 
consideration should lie given to rocks in which seams or faults and weathered 
or crushed zones have resulted in separated or purtly separated foundation 
blockH that might move slightly as a whole under the load of the dam. Such 
foundations have been successfully treated b} T consolidation grouting, which 
procedure, including the washing out of seams, is very similar to that described 
for curtain grouting, hut the required depth is seldom, if ever, as great, It is 
essential that all seams be thoroughly washed out before consolidation grout¬ 
ing begins. 

Narrow warns and faults frequently eon be washed out and grouted. For 
wide seams, the gouge, weathered or broken rock, or other material filling 
them can be excavated and the seams refilled with concrete. When Hiich 
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defective material lies in a nearly horizontal plane below the surface of the 
completed excavation, it is sometimes more economical to reach it by a ver¬ 
tical shaft or a man-size drill hole, clean out the scam in drifts, and fill it 
with concrete rather than to excavate the firm rock above it. Cavernous 
rock And solution channels can also be treated in this manner. 

For low dams, small areas of relatively weak rock are sometimes left in place 
on the assumption that the (lam will span over them. In several cases, ver¬ 
tical transverse faults of considerable size have been cleaned out and filled 
with concrete for a depth only sufficient to provide an arch to spun the 
opening, care being taken of course that the excavating or grouting extends 
far enough to obtain a tight cutoff at the upstream side. 

It is impossible to indicate by any rule the necessary extent or probable 
cost of grouting. Estimates must be based on experience, on the nature of 
tlie foundation ns indicated by preliminary investigation, and on experi¬ 
ence with grouting requirements for (lam* on similar foundations. 

(rf) Draining Rock Foundations. In order to relieve hydrostatic pressure 
and reduce uplift on the base of the dam and in seams in the foundation, it is 
frequently advisable in seamy rock, and always for high dams, to drill a line 
of holes downstream from the previously placed grout curtain to carry away 
any seepage water which may pass the curtain. (See Section 7 of Chapter 
17 and Fig. 1S6 of Chapter 17.) The drainage holes are connected to a 
drainage gallery or other means provided 1o carry the seepage to tailwater. 
They should not be drilled until all grouting operations arc completed and 
should be far enough downstream from the grout curtain to lie sure of inter¬ 
secting only open seams. 

There is no fixed rule for determining the size, spacing, and depth of 
drainage holes. Experiments on the relative effectiveness of different com¬ 
binations arc badly needed. The holes vary from 2 to 6 in. in diameter and 
from 5 to 20 ft from center to center. Their depth depends on the char¬ 
acter of the rock, but a depth equal to one quarter to one half the width 
of the base of the dam is a fair average. 

(a) Toe Protection. Protection of the rock at the toe of spillway dams 
is frequently needed, particularly if the rock has horizontal stratification. 
Methods of reducing the high velocity of spilling water to a velocity that will 
not erode the rock arc described in Section 5. 

4. Treatment of Earth Foundations, (n) Adaptability of Earth 
Foundations. Concrete dams on earth foundations are numerous; but 
their use in this country has been limited fur the most part to structures not 
more than about 65 ft high for good earth foundations and 30 ft high for 
less resistant earth. This limitation in height may be attributed to the fact 
thut the treatment of earth foundations, to prevent erosion and excessive 
seepage, is far more expensive than that necessary for rock foundations. In 
fact, the cost, of foundation treatment for dams on earth is often the major 
part of the total cost of the structure. Consequently, for moderate and 
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high dams it will he found l>ORt to adopt another type of structure or to 
change the site. There have lxvn few precedent for darns higher than noted 
above, although structurally there would seem to l>c no reason for a limit 
to the height, provided that sufficient funds are available to meet the un¬ 
usual expense. 

The preparation of the foundation for a dam on earth must bo made with 
five objectives in view: (a) to provide ample bearing strength; (b) to pre¬ 
vent sliding; (c) to prevent excessive seepage under the dam; (r/) to prevent 
piping; (e) to prevent scouring by Ihe water passing over the dam. 

(6) Bearing Strength of Earth Foundation*. The allowed loads on earth 
foundations’ are discussed in Section 2U of Chapter 17. It is essential that 
there be no excessive settlement in the structure. Unequal settlement is 
particularly objectionable, as the tightncsi* of the structure is dependent 
on the absence of settlement cracks. 

For hollow dams on earth, the footing-* are usually spread to reduce bear¬ 
ing stresses. The weight of the hollow Mathis Dike Dam was distributed 
over the foundation by a mattress covering the entire ba^e, as indicated in 
Fig. 5, Chapter 19. The weight of solid dam« can be distributed through 
the aprons, which are often reinforced for that purpose. Sometimes bear¬ 
ing piles are required. 

(r) Bearing Pile*. Many typos of wood, roncrete, or steel bearing piles 
have been used for excessively weak foundations, the type depending on the 
length required and the nature of the foundation materials. The subject of 
bearing piles is too lengthy for proper treatment here, and the reader is 
referred to the latest reports ol the Committee on Bearing Value of Pile 
Foundations of the Waterway-* Division and the Committee on Foundations 
of the Roil Mechanics Division of the American Society of Civil Engineers. 

Any type of piling under concrete dams, including cutoff piling and bear¬ 
ing piling, is conducive to rooting. Where such piling is used, the possibility 
of roofing should Ik* guarded against by providing filter drains to prevent 
piping, as indicated in Fig. 2, by an upstream blanket to provide sufficient 
length of path of iierrolatinn, or bv a combination of thi*se expedients. 

Bearing piles should lie avoided if a spread base will serve the purpose. 
Foundations with a dry weight of less than 100 lb per mi ft should be looked 
upon with grave suspicion. Such loose foundation material generally should 
be removed. 

(d) Sliding on Earth Foundation*. The dam must, of course, Ixi pre¬ 
vented from sliding, as explained elsewhere in this book. Whore the coeffi¬ 
cient of friction of concrete on the earth is insufficient, vertical faring piles, 
if used, can l»e counted on to resist the water pressure, although a slight 
horizontal deflection must Ik* expected. Considerable expenditures have 
somelimes been made for tests on full-size piles to determine such deflections. 
However, for correct results such tests must be made on pile clusters and not 
on individual piles. 
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In some dams (see Fig. 2) battered piles have been used effectively to pre¬ 
vent incipient sliding. In the Mathis Dike Dam (Fig. 5, Chapter 19) the 
longitudinal ribs at the toe and the middle of the base an* intended to assist 
in preventing the dam from sliding. 

Tn some cases increased resistance to sliding has lx*cn obtained by thor¬ 
oughly anchoring the dam to a deep cutoff wall at the heel of the structure. 
Figure 1 shows such a cutoff for a section of the Stony River Dam where 
the dam rests on shale. The same method was iwd also to prevent sliding 



Fn> 2. Impeuul D.im, Colorado Rivri, Am (Dtwn and Cnntinl Work s, 2nd 
rdilion, U. S. Huiemi of Reclamation, 1938) 


where it rested on a clay foundation. The cutoff must, of course, be well 
tied to the main structure, a** 4iuwn. 

(r) Thv Flow Nit. The flow net i** n diagrammatic representation of the 
lines of pemilnlioD and lines of equal potential in a porous medium such as 
earth subject to a head of water. Figure 3o shows a typical flow net for a 
homogeneous, isotropic foundation without drains or cutoffs. A—B is the 
length of the inijicn iouh elements of the dain. The solid lines are the lines 
of percolation, or flow lines, and the dotted lines are lines of equal potential 
In the true flow' net, all the areas bounded by any pan of flow lines and 
nnv pair of equiimtential lines are homologous, i.e., have the same ratio of 
width to length. 

The potential at any point in the foundation is the elevation to which water 
would rise in a piezometer at that point, as shown in the figure. For homo¬ 
geneous, isottopic materials, the flow lines are nounal to the equipotential 
lines. The friction loss of seepage along any flow line is equal to the head, 
h, on the dam. The head lost in friction between any two lines of equal 
potential is equal to the difference in their potentials. 
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Fig. 3. Flow net, 
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The longer the path requir'd for the flow lines, the farther apart will be tho 
linos of equal potential, the smaller the friction loss per lmear foot, the slower 
tho velocity, and the lew* the seepage per square foot. 

The hydrostatic pressure, in feet of water, at any point on the base of the 
dam can he determined from the flow net simply by subtracting the eleva¬ 
tion of the base from the potential at that point, a ls shown in Fig. 3a. One 
hundred per cent of the hydrostatic pressure is always assumed for uplift 
for dams on earth. 

Should the permeability at all points in the foundation be increased, the 
amount of seepage and velocity of flow would be increased in direct propor¬ 
tion but the flow net and nmount of uplift on fhc dam would not change. 

The flow net can be determined analytically for simple conditions; but, 
where there are one or more cutoffs, strata of variable permeability, lenses 
of different permeability, drains, and other complications, it can be deter¬ 
mined most conveniently by the electrical-analogy model test. The flow net 
should be determined for all important dams when a tight cutoff to im¬ 
pervious material is not possible. 

The "shortest path of percolation * is the shortest line of percolation as 
shown by the flow* net. llligh’s and Lane’*- “line of creep," discussed more 
thoroughly in flection 4i, is the line of contact of the base of the dam and 
cutoffs with the foundation Should the line of creep lie much more pervious 
than the re*t of the foundation, the flow net for a homogeneous foundation 
would not applv as the peieolation would tend to follow tho line of creep. 
The term “path of percolation" will lie used in a general sense, since those 
feature* which tend to influence the path will applv both to homogeneous 
foundations and to the line-of-creep thwiry. 

Other things being equal, a long path of percolation reduces seepage and the 
possibility of piping. The effect of the length of the path of percolation on 
uplift will be explained in flection 47i. 

The desired length of the* path of jiercolation can lie obtained by an up¬ 
stream apron, a downsticum upion, one or more cutoffs, or a combination of 
all thc.se, as later explained in more detail. Many tyjieh and combinations 
have lieen projioscd and built. Modern practice in this respect will be dis¬ 
cussed later. 

(/) Seepage through Earth Foundations . A small amount of seepage 
through earth foundations for dams is to be expected. Excessive seepage is 
objectionable, not only on arcount of waste of unfunded water, but princi¬ 
pally because of danger of piping. Seepage is reduced to best advantage by a 
watertight eutoff to rock or other impermeable stratum. It can be reduced 
also by increasing the length of path ol percolation, as previously explained. 

In silt-laden streams deposits in the reservoir bottom filtered out of turbid 
water will often seal the pores quickly and thus reduce seepage. The Granite 
Reef Dam, shown in Fig. 4, is lounded on gravel and boulders. The length 
of the path of percolation waa only about three times the head on the dam. 
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The considerable leakage when the dam was first used was soon stopped by the 
large quantity of silt carried by the river. 

A cutoff, under a dam, which carries only part way to an impervious 
stratum is nut efficient. Figure 5, plotted from the results of research tests 




Fig. 4. Granite Reef Dam, Salt River. Ariz. (The Design and Construction of 

Dams, Wegmann.) 

by Creager and also tests by Turnbull, for the Kingsley Dam in Nebraska, 
shows the relation between seepage and depth of cutoff. Those by Creager 
were for a ratio of base width of dam to depth of pervious material of 1,4; 
the corresponding ratio for the Kingsley Dam was 14. 
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Seepage in Per Cent of Discharge with no Cutoff 

Fig. 5. Relation between seepage and depth of cutoff. 

Figure. 5 shows that, for a cutoff occupying 9C)% of the distance to the 
impervious material, the seepage will still be 35% qf the seepage for no 
cutoff. 

If the permeability of the foundation, K, is known, the amount of seepage 
past any length of dam can be computed from the ffpw net. Casagrande has 
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shown* ilmt the seepage Iosm in cubic feet per second may be found by the 
following equutinn, if the flow net is formed of squares, 


Q 


LKFla 

60 


UJ 


when Q ** discharge in cubic foot ]>er second; 

L = length of the dam considered, in feet; 

K * coefficient of permeability of the material in cubic foot per minute* 
]H*r square foot of area; 

11 = head on the dam in feet; 

* = ratio of the number of squares between uny two neighboring equi- 
]H)tontml lines and the numlxsr of squares lietween any two neigh¬ 
boring linos of percolation. 

For example, flic coefficient of permeability, K % is the discharge in cubic feet 
j>cr minute per square foot of the foundation material under unity gradient, 
i.e., when the friction loss per foot of travel is unity. 



Fk; 6. I'Aimqilc of flow net foi seepage caleulation. 

In Fig. 6 there are five square* between any two neighboring equipotnntial 
lines and twelve squares between any two neighboring lines of iwrcolation. 
Therefore, 

a = x \ = 0.416 

Assume that K - 50 X 10“ 1 cu ein per sec per sq cm,t 


and 


If = 20 f t and L - 500 ft 


ITien the exjiected seepage would be 

500 X 0.0098 X 30 X 0.416 
Q ” " “ 00 ' 


0.68 cu ft per eec 


* A. Casagrande (after A. F. Snnisioc), Trtmn, AXCJ?. t 1935, p. 1289. 
t Usual laboratory nomenclature. 
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(i g ) Piping . Piping may l>e defined as the movement of material from 
the foumlation by the velocity of the beeping water oh it issues from tile soil 
IjoIow the dam. Under such conditions the soil becomes supersaturated, 
quick, and incapable of supporting any load. The dam should therefore be 
investigated with respect to that condition. 

The closer the lines of equipotemml, the higher the seepage velocity and 
the greater the loss of potential per linear foot. For the simple case of 
Fig. 3a, used here for explanatory purposes but not as a recommended de¬ 
sign, it will be noted that the line* of equal iwtontial are closer at A and B 
than elsewhere. This is true wherever there is an abrupt comer about which 
the water must flow. Therefore, at such places (he rate of loss of potential 
and velocity of seepage is relatively very great. Theoretically, it is infinite 
exactly at the point of turn. 

This is a matter of no concern at the entrance surface or in the foundation, 
where thin condition cannot move the material, us the material ha* no phwe 
to go. However, it is conducive to piping where the seepage emerges below 
the dam. 

In Fig. 3a Ihc high velocity at B would assuredly cause piping. 

These theoretical conditions would lie improved, as far as piping is pon- 
remed, by the addition of a cutoff at the duwust ream end, :i> shown in Fig. 
36, which would transfer the high seepage velocity to the bottom of the 
cutoff. 

However, note that for Fig. 36 the down si ream cutoff has increased con¬ 
siderably the uplifl pressure on the downstream a]iron and, for that reason, 
is objectionable. On the other hand, where controlled drainage (later recoin- 
mended) is not used, some depth of culoff at the toe, to mlucc surface exit 
velocity, is absolutely necessary. 

The theoretical conditions affecting piping are discussed in bonks on dams. 
Piping may lie prevented by providing a sufficiently long path of percola¬ 
tion under the dun, downstream piling, and drains, as subsequently described. 

(/i) Uplift. As indicated in Chapter 17, the uplift pressure on the base 
of the dam must lie considered in the determination of the stability of that 
structure. The determination of the amount of uplift from the flow net is 
explained in Section 4c. If an analogy model test is not made, the uplift tn be 
taken rare of should lie determined from a comparison of the flow nets of 
similar designs. An ample factor of safety should lx? used where the founda¬ 
tion has not lieen thoroughly explored anel lenses of elifferent permeability 
or other heterogeneous conditions may exist. 

Uplift must lie considered not only at the base of the dam and apron but 
also at deeper jioints in the foundation. For inslance, a dam or apron above 
an adequate filter drain would have no uplift on its base, but there would 
still be hydrostatic pressure at points a few feet below the base. In extreme 
cases, as mentioned before, this hydrostatic pressure might be capable of 
lifting the saturated weight of earth alxive it and the weight of the apron 
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and water above the apron. In other words nfl filter drains must be ade¬ 
quately weighted. Anj uplilt on the apron below the dam must be balanced 
by the weight of the apron and water above it. However, the force of the 
spilling water may reduce the depth of water over the apron as explained in 
Section 5. 



A downstream apron to increase the length of the path of percolation 
will increase uplift on the dain. A cutoff at the upstream pnd of the dam 
or an upstream apron will reduce uplift. Weaver [1121 Ivip determined 
mathematically the data from which Fig. 7 \ca« drawn, to indicate the effect 
of a single upstream cutoff on uplift for a dam on a pervious foundation 
of infinite depth without drains. Tn Fig. 7, ar is the ratio of the base width of 
ilnrn and aprons to the depth of the cutoff. Values of a - infinity correspond 
to no cutoff and agree with Fig. 3a. 

A Iras of relatively pervious material downstream from the heel of the dam 
reduces uplift. Such a lens upstream from the heel increases, uplift. 
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Hip thickness of the downstream apron, subject to uplift, can be reduced 
if anchored to piles driven into the foundation. 

(i) Line of Creep. Bligh’s line-of-crocp theory revised by Lane |R] is 
bast'd on the theory that resistance to percolation along the “line of creep,” 
i.e., along the line of contact of the dam and cutoffs with the foundations, 
may be less than directly through the foundation materials on account of 
the difficulty of securing an intimate contact. Thus, according to this prem¬ 
ise, the flow will concentrate along the line of creep, causing higher velocities 
at the exit than would lie indicated by a flow net constructed for a homo¬ 
geneous foundation. This loosening of the contact between the dam and the 
foundation, caused by unequal settlement and general sell lenient where bear¬ 
ing piles are list'd, is called “roofing.” 

Because the exact nature of roofing and disturbance of the rontart of 
cutoffs with the foundation is indeterminate, Bligh recommended a minimum 
"creep ratio” of length of line of creep to head oil the dam, dependent on the 
nature of the materials in the foundation. ITis recommended creep ratio 
was based oil the observation of the success or failure of a number of dams. 

Adopting the same general theory, Lane, after a study of inure dams of 
this ty|K*, recommends a weighted line of creep, in winch horizontal contacts 
with the foundation and slope** flatter than 4fi degrees, Wing les** likely to 
have intimate contact, are given only one third the value of steeper and 
vertical contacts. That is, his line of creep is the summation of all the Hteep 
and vertical contacts phis one third the sum of all the flaller and horizontal 
lines of conlact In'tween hcadwaler and tailwater following along the contact 
Mirface of the base of the dam and cutoffs. 

Should the distance Wtween the bottoms of two cutoffs lie less than one 
half the weighted cieep distance between them, twice the distance between 
them should lie iwd instead of the actual line of creep between them. 

Lancs recommended weighted creep ratios, i.e., the ratio of weighted creep 
distance to head, aic given m the first column of Table 1. They are subjocl 
io cerlam modifications for special conditions. 

The authors’ opinions, fortified by the opinions of the discussers of Lane’s 
paper and by Lanes closure of the discussion, arc indicated in Table 1 and 
explained as follows: 

Case a. Although the authors will later recommend provisions for filter 
drains and downstream cutoffs wherever possible and the use of flow net 
analyses for linjiortanl dams, it is reeonnnendc*d that, w’hcre these provisions 
are not made, Lane’*, weighted creep ratios lie used, as indicated in Table 1 
(Case a). 

('am b. Where drains are properly provided but no flow net analyses are 
made, use 80^4 of Lane’s weighted creep ratios. 

c. When* both drains and flow net analyses arc employed, adopt 
70% of Lane's weighted creep ratios even though the flow* net analysis may 
indicate that a smaller ratio would be safe. 
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TABLE 1 


Rechimmrnued Wkhihtki) Oreei* Ratios 



Case a 
(Lane) 

Case b 

Cane c 

Material 

100% 

80% 

70% 

Very fine sand or silt 

8.5 

6.8 

6.0 

Fine sand 

7.0 

5.6 

4.9 

Milium sand 

6.0 

4.8 

4.2 

Coarse sand 

5.0 

4.0 

3.5 

Fine gravel 

4.0 

3.2 

2.8 

Medium gravel 

3.5 

2.8 

2.5 

(kiarsc gravel, including cobbles 

3.0 

2.4 

2.1 

Boulders with some cobbles and gravel 

2.5 

2.0 

1.8 

Soft clav 

3.0 

2.4 

2.1 

Me ilium clay 

2.0 

1.0 

1.5 

Hard clay 

1.8 

1.5 

1.5 

Very hard clay or hardpan 

1.6 

1.5 

1.5 


For (Vcs b and c, however, the weighted creep ratio should not lie less 
than 1.5 under any circum-timccs. 

However, the base of daiiH ami aprons supported on tearing piles should 
lie given a weighted creep of zero if a filter drain is not provided as shown 
in Fig. 2. 

(j) Uvcamwvmhd Dcrion for Earth Foundations. Tliere have been many 
conibinatioiiH of appurtenance- for fouiidiition protection, consisting of one 
or more upstream cutoffs, upstream aprons or blankets, downstream aprons, 
one or mon* lines of downstream sheet piling, anil drains of various kinds at 
diverse places. An indication of the extreme variance in design is shown 
by example.- of Joundation treatment for over 150 dams on earth, contained 
in a supplement by Lane [01. This referenee also contains an excellent 
bibliography. 

So much depends on the conditions at the site that no general standard is 
m lice. Him ever, Fig. 8 can serve as a basis, variations from which must 
lie made to suit local condition*-. It consists of an upstream apron, a blanker 
with filler (described later), an upstream cutoff, a maiu filter drain, a down¬ 
stream apron above a filter iliain, anil a downstream row of sheet piling. 
The downstream row of sheet piling is used to prevent damage if the riprap 
washes out and to reduce the velocity of residual seepage, as previously 
explained. 

Several cutoffs were used at the Imperial Dam (Fig. 2). However, Creager 
has found that a single cutoff at the upper end of the upstream apron has 
proved sufficiently effective with, perhaps, an auxiliary cutoff at the up¬ 
stream end of the base of the dam to reduce slightly more the uplift on the 
dam and to serve as a safeguard in the event of failure of the apron. The 
best arrangement ran be obtained only with a flow net from an analogy test. 
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A filter drain wits located at the downstream toe of the Imperial Dam. 
It was probably proved by model tests to be adequate, since no filter drains 
are located under the apron. The weighted creep ratio in 8 0 for a wind foun¬ 
dation. Many safe dams, under similar conditions, have been built with 
much lower ratios. 



Cutoff 

Piling 


Fin 8 Dingiummulir example 

The Granite Reef Dam (Fig. 4) rests on a foundation of gravel and 
boulder*. The weighted creep ratio when the dam wa^ first built was 2 8, 
and no piping occurred. When the dam was firM used, however, considerable 
water passed under the cutofl and out thiuugh the drains on the apion 
Tliib explain** the occasional neeeshity for increasing the weighted creep 



Fig. 9. Svirstmy Dam, UJSS.H. ( Proc . Ini Cunf Soil Aft th., Carihndge, Mass., 

1936). 


rations of Table 1 to limit waste of water, as previously explained. For this 
dam, the fiow was soon Mopped by .silt deposited on the fiooi ot the reservoir. 

The Svirstroy Dam, U.S.S.R. (Fig. 9), has a cutoff at the upiier end of the 
upstream apron. Since the foundation was clay, this cutoff Mipplied suffi¬ 
cient length of path of involution to eliminate excessive leakage. Extending 
the filter druin imder the upstream apron reduced uplift and therefore 
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caused the greatest net downward water pressure on the apron. Since the 
apron wad tied into the dam proper, tins pressure assisted in preventing 
sliding. 

The Cochiti Dam (Fig. 10) rests on sand, gravel, and cobbles. It has a 
weighted creep ratio of 5.5, a conservative value. A "selected-gravel’* drain 
was placed under the dam uhcrc shown. 

(A a ) Upstream Apron. The upstream apron is used, of course, to increase 
the length of the path of percolati6n It is better than a downstream apron 
for that purpose, since there is no unbalanced uplift under it to be balanced 
by weight of concrete. 

It may be made ol reinforced concrete, or it may be simply an impervious 
earth blanket. An opening of the jomt between the apron and the dam, 
due to unequal settlement, must be guarded against. 


EJev S24B 0 


ii-ir 


1 on 1 


Pipe Weeps 4' Centers 



Selected Gra _ 

Fa, 10 Cochit] Dnni Now Mexico (CinJ E)iq , Januni v 1033, p 12) 


Figure 8 show* a filter at the inaction of the apron and the dam and an 
impervious blanket above the apron Should a crack occur at lhat place, the 
filter will prevent the blanket from washing through. The blanket may re¬ 
quire riprap]iing for protection from high velocity in the pond or wave action 
if the pond is drawn down. 

At the Svirstrov Dam (Fig 9), in order to obviate the possibility of leak¬ 
age at the junction of the upstream apion and the dam due to possible 
cracks caused by unequal settlement, the junction was composed of flexible 
asphalt concrete on top of uhirli un* placed a layer of pure asphalt covered 
by earth fill. The junctions lx*twccn the apron and the cutoff walk us well 
as the contraction joints in the apron 'were similarly treated. 

In the dam shown in Fig. 10, a filter drain and blanket would have been 
advisable above the junction of the upstream apron and the dam, as indicated 
in Fig. 8, had the designer* feared the possibility of a crack in the apron 
occurring at that place. 

(0 Cutoffs for Dams on Earth. Section 4 j discusses the general arrange¬ 
ment of cutoffs. Obviously, wherever practicable, the cutoff should be carried 
to impervious material*. The cutoff may consist of a concrete diaphragm, 
interlocking-steel sheet piling, or tonele-nnd-grooved wood sheet piling. 

The only situation in which a concrete cutoff should be used is that in 
which impervious materials can be reached and boulders prevent the use of 
sheet piling. When sheeting is employed for excavation, the sides of a con¬ 
crete cutoff trench are disturbed and may allow ready seepage. This re¬ 
duces the efficiency of such a cutoff unless the cutoff is carried to impervious 
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material. .\1ho, an upstream apron of sufficient length to Iks as effective as 
a concrete cutoff going only jmrt way to impervious material generally 
proven more economical. The* width of the concrete cutoff may be as tonall 
as excavation will permit. It needs no reinforcement except if tied into the 
dam to help prevent sliding. 

Stool sheet piling has l>een gaining favor for dams on earth. Where the 
driving is easy, the depth is not great, and particularly where jetting is 
feasible, light shallow arch piles may In* used. At the Fort Pock Dam piles 
of this ty]ie of 23 and 28 lb were driven lf*0 ft with the aid of jets. The 
lighter type was employed under similar conditions and equal depth at the 
Kingsley Dam in Nebraska. However, where driving is extremely hard, 
heavier deep rhannel sections are necessary. Whore boulders are present, in 
the soil, it is sometimes extremely difficult to drive even the heaviest see- 
lions without eurling the ends of the piling. Wood sheet piling ran lie used 
only for shallow depths, under the most favorable conditions, and by experi¬ 
enced men. (»Sec also Sections 23 and 24, Chapter 20.) 

(//?) Drain# for Dams on Earth . Drains serve to carry away harmlessly 
any seepage that passes under the dam. Layers of rock, broken stone, or 
holes through aprons are inadequate without tin* protection of n filter to 
prevent piping of foundation material ihrough them. 

Downstream aprons of concrete are a necessary adjunct for spillway dams 
on earth. If the main drain shown in Fig. 8 were moved farther down¬ 
stream, the upstream apron could lie shortened, without changing tin* length 
of path of percolation. However, 1hn procedure would increase tin* amount 
of uplift on the dam and apron, resulting in the necessity for more concrete. 
Thus the location of the main drain is a matter of economy. 

Model tests will indicate the effect of changing the location and depth of I he 
main drain. The deeper it is, the more effective. If there is a relatively 
impervious stratum at the surface, the main dram should pierce it. For this 
purpose, deep sand-filled drainage wells were uhhI at the Kvirslroy Dam 
fFig. 0), -since the foundation was composed of horizontal layers of elav with 
interbedded sandy seams of greater permeability and the whole was hubject. 
to severe artesian pressure. 

At the Cross Cut Dam (Fig. 11) a water-bearing sand stratum was en¬ 
countered under tlie compact gravel, about 10 ft below the base of the (him. 
To relieve any possible uplift pressure in this area, a filter drain, as shown in 
the figure, wuh installed, and 12 well jmints 14 ft long were added at other 
places. 

Filters under drains must l>c designed and placed carefully in order to be 
effective. They consist of layers of materials, each with a porosity less than 
the layer aliove it in order to prevent movement of material from one layer 
to another. Frequently two or more layers are required to obtain the neces¬ 
sary gradation. (See also Section 20, Chapter 20.) 

Drains tinder tlie a]iron may not be needed if the main drain is sufficient 
to eliminate or effectively reduce uplift under the ajiron and to remove 



• EROSION BELOW SPILLWAYS 


487 


danger of piping. They were not used at the Imperial Dam (Fig. 2). Pos¬ 
sibly the thickness of apron required to withstand impact of the falling water 
whh sufficient to balance any residual uplift. 

(n) Dowmtream Apron. The purpose of the downstream apron has been 
explained previously, an well an the necessity for making it heavy enough to 
balance nil uplift pressures. The shape and details of its top surface are fre¬ 
quently governed by the necessity for killing the velocity of the spilling water, 
as explained in Section 5. 

(o) Downstream ('utofl. The downstream cutoff, as shown in Figs. 0 and 
8. is used to protecl the foundation under the apron in the event of retro- 
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Fig. 12a, and the foundation below any provided protection will be sul>- 
jected to the high velocities. 

For tairh caws, a ‘‘stilling basin” can lie created by excavating the bed of 
the river, us in Fig. 12ft, to provide a depth of tailwuter that will produce a 



Fig. 12. Spillways with provisions (or erosion control. 

jump immediately below the dam on the paved area of the bottom of the 
lwsin. The length of (he "tilling basin should lie a 1 mill live times the depth 
of the tiiilwntor within the basin (Section 14, Chapter 8), unless special pro¬ 
visions, indicated subsequently, are made. 




II_l 




D 

□ 

□ 

VWall 

Half-plan 


Fig. 13. Diagrammatic sketch of stilling pool. 


Although much less used, another method of creating a stilling burin to 
provide sufficient depth to produce the hydraulic jump, is to build an auxiliary 
low dam to back tailwater up to the required depth, as in Fig. 12c. 
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Should the depth of tailwater be greater Uu.ii that required for the hy¬ 
dra ulie jump on the river bed, the jump will move upstream and ascend 
the doping face of the dam until it is completely submerged by tailwater, 
ns in Fig. 12r/. Under these circumstances the rate of rnergy dissipation is 
slow, as ihe jet pierces the tailwater and high velocities extend for con¬ 
siderable distances downstream. This condition is frequently remedied by 
providing n sloping apron with an inclination not exceeding 1 on 4, as shown 
in Figs. 12e, 12/, and 14, nn which an energy-dissipating jump will occur 
with a more uniform distribution of velocities downstream. 

(r) Stilling Batnv for Modified Hydraulic Jump. If tlie stilling basin is 
provided with chute blocks and floor blocks (baffles), ns indicated in Fig. 13, 
a modified hydraulic jump ran be created which requires less depth of tail- 
water than the unmodified case, and the required length of the stilling basin 
will be less. 

According to Blaisdell* if the design and arrangement of chute blocks, 
floor blocks, and the end sill are properly made, the required general dimen¬ 
sions of the stilling basin are as follows: 

Ixit D =■ the theoretical required depth of tailwater (high stage); 

7>' — the required depth of tailwater for modified jump; 


d — the depth of the low stage; 

/■ = the velocity at the low' stage; 

L — the length of the basin; 
g = the aci*cloration of gravity; 

F = the Froude number. 


ll 

h 

[2] 

n - J (Vkf + i-i) 

131 

ForF = 3 to 30: D' = (l 10 - D 

I4uj 

For F = 30 to 120: I)' = 0.85 D 

1451 

ForF — 120 to 300: D' = (l.OO — j^) D 

14c] 

4 hi) 

ForF = 3 to 300: L - 

15] 


These dimensions are bawd on tlie results of 274 experiments on chutes 
approaching the stilling basins at slopes varying from about 1 on 2.6 to 1 on 
1.5 and at velocities ranging from 2.8 to 43.7 ft per second. 

♦Fred W. Blnisdoll, '“Development and Hydraulic Design, St. Anthony Falla 
Stilling Busin,” Pi or. A^.C-E., February 1047. 
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Equations 4 a through 5 and Fig. 13 apply to spillways less than about 80 
ft high. For spillways over SO ft high, studies should be made of the cavi¬ 
tation potentialities of the design. In the case of high spillways, baffle piers 
designed without reference to cavitation may give unsatisfactory results 
owing to disintegration by pitting. 

Whether or pot a stilling pool is used, an end sill should be provided to 
deflect the bottom filaments of water from the stream bed. 

(d) Sloping Aprons. As previously pointed out in Section 5b, a sub¬ 
merged jump is objectionable. To prevent such submergence, a long sloping 
spillway apron can be provided, as indicated in Figs. 12e and 14. 



Fig. 14. Section through Norria Dam. (Barton M. Jones, “Design of Norris Dam 
and Powerhouse,” Civil Eng ., April 1935. p. 211.) 

Experiments on models prove that a hydraulic jump showing strong tur¬ 
bulence in its surface roller and correspondingly excellent energy-dissipating 
characteristics will form in channels sloping downstream with an inclination 
not steeper than 1 vertical to 4 horizontal. On slopes steeper than this, the 
jump tends to take on the submerged form, with milder turbulence in the 
overlying water, correspondingly slow dissipation of energy from the main 
jet, and greater bottom velocities. 

Where the tailwater depth is greater than that required to produce a 
jump, the sloping apron must obviously be high and involve a large yardage 
of concrete, although a portion of this may be regarded as contributing to 
the stability of the dam. 

(e) Upturned Bucket . Where tailwater depths are more than adequate 
to produce a hydraulic jump, extremely satisfactory stilling below a high 
dam can be obtained by means of a strongly upturned and deeply submerged 
bucket. The one used in the Grand Coulee Dam is shown in Figs. 12 g and 
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15. This device involves far . less yardage of ■concrete than does the sloping 
apron referred to in Section 5 d. This design should not be. used without 
being subjected to an exhaustive model study, as it involves a feature that 
might be extremely dangerous. If the tailwaier gets too low the jet can push 
away the tail water and can rise in the air nearly to the elevation of the 
headwater. Such action could destroy a powerhouse or other property in the 



Fra. 16. Stilling basin of the Calderwood arch dam. 


of such a dam, the jet leaves the face of the structure and falls freely in the 
open air. If an artificial stilling pool is not provided, the jet will probably 
excavate a deep pool of its own, resembling the pool at the base of a natural 
waterfall. For complete stilling of a vertically falling jet, a great depth of 
water is required. The stilling pool at the Calderwood arch dam - was 
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created by the construction of an auxiliary dam a short distance downstream 
from the main structure. As shown in Fig. 16, a curved concrete bucket 
was installed at the bottom of the pool in linn with the trajectory of the 
jet, to rereive the impact of those filaments penetrating to the bottom and 
to turn them up into the overlying water. The bucket is wide enough to 
accommodate the trajectory of the jet at all discharges. Model experiments 
indicated that the jet lost little of its energy before striking the bucket, but 
the subsequent energy destruction was complete. This stilling system at the 
Calderwood dam has functioned successfully during several severe floods. 

( g) Loir Damn. It was shown in Section 14 of Chapter 8 that, when 
(v 2 /2y) < d, i.e., D < 2d, i.e., F < 3, an “undular” jump occurs, even though 
D conforms to Eq. 3, and relatively higher velocities persist farther down¬ 
stream than in a "direct” jump. This condition is likely to occur in very 
low dams when* v is small and d is large. The only remedy is the use of 
floor blocks (baffles) and other appurtenances to dissipate the energy, as 
previously described, and a long apron supplemented by downstream riprap 
as shown in Fig. 2. On account of the great thickness of the jet in such 
cases, baffles are .sometimes omitted because they would have to be quite 
high to 1 m» effective. Fortunately, in dams on permeable materials the re¬ 
quirement of a flat indentation gradient makes llie total base width of flic 
structure—dam and apron—Miffieicntly great to supply space for energy 
dissipation over the apron. 

(/«) Retrogression. Preceding sections have described the necessary pro¬ 
visions for destroying the energy of the waiter spilling over the dam and for 
reducing tailwater velocity to the closest possible agreement with the velocity 
under natural conditions. However, it is obviously impossible to reduce the 
velocities leaving the protective works to less than the natural velocity for a 
given flow, and natural velocities frequently scour the bed of the stream. 
That is, under natural conditions, the l>eds of many streams lower during 
the rising stage' of a flood and build up again during the falling stage by 
deposition of lnnlerial carried by the. flood. Owing to the prepuce of the 
reservoir rreated by the dam, all this material carried by the stream de¬ 
posits in the dee]i water above the dam and is not available to return llio 
stream bed to normal elevation after a flood, and permanent retrogression 
results. 

For these reasons, the bed of the stream adjacent to the do vnstream end 
of the protective wuiks must be treated so that, when retrogression occurs, 
the foundation for llie lower end of the works will not bn affected. A usual 
procedure is to provide a cutoff of concrete or piling at the toe of the pro¬ 
tective works, supplemented by riprap of large stones (see Fig. 2). The 
riprap lielowr the apron is intended to settle and pave a new slope from llie 
toe of the apron to the new level of the stream, and the sheet piling serves 
to protect the apron from undermining in the event that the riprap directly 
at the toe settles somewhat. 
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CHAPTER 20 


SPILLWAYS AND HEADWATER CONTROL 

1. Spillways. All power dams an 1 provided with spillways to discharge 
the excess flow not iw*d by the turbines or btored in the reservoir. Spillways 
may lie divided into the following tjpe*»: 

1. Spillway dams. 

2. Sidr-chiiiinc] spillwiiyn. 

3. Chute spillways. 

4. Saddle *pillwuyb. 

5. Shaft spillways. 

6. Siphon spillwuys. 

7. Emergency spillways. 

All these tyjies except the Hphon spillway mav consist ot an unobstructed 
overflow 7 , the water rising and spilling over the cre^t as the flow increases. 
Very frequently, however, the elevation lo which headwater may be allowed 
to rise is limited by Lind or wilier right h w'hich are not owned. Therefore, 
with surli a simple overflow spillway, the crc^t of the dam must be limited 
in elevation to provide Hiillicient margin for the rise of water surface during 
floods. This, of course, requires a sacrifice of head wdiich otherwise could 
lie used for the generation of power. For this reason, the simple spillway 
should be as long as possible, consistent with economy, to limit the head on 
the crest during floods'. If sufficient length of simple crest cannot lie obtained, 
these 1 types of spillways mav be equipped with crest control or crest gates 
that can lie made to control and limit the fluctuations of the elevation of 
headwater surface within narrow margins. 

The necessity for confining the fluctuations of headwater within very nar¬ 
row limits exists only when the land for flow age of water righls w abso¬ 
lutely limited or very eKjien^ive and the head for power is sufficiently valu¬ 
able to permit the expenditure for efficient headwater control dcvircs. .Such 
devices are very expensive for conlrol within narrow limits if the flood dis¬ 
charges are great. Obviously, the need for close control is greater in low- 
thnn in high-head plants because, for high-head developments a few feet of 
additional head increase the output a relatively small amount. Therefore, 
devices that only partly control the fluctuations are frequently used, since 
they are relatively less expensive. In addition, sluice gates inay also be used. 

The tyi>e of spillway to be chosen in any particular case is usually deter¬ 
mined by topographical, geological, and hydrological conditions at the site. 
For some sites it is clearly evident that only one type of spillway is applicable, 
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but ubuilly it is dcsmble, m pidmunir} studies, as soon as subsurface 
dui«i arc available, to mike rough designs foi the social t\pcb of spillwayb 
which might fit the situition and then to select the one thit seems to be the 
most economic d ill fietois considered This is not as simple is it beems 
It is usudly not difficult to cstimitc with reasonable precision the probible 
cost of i bolid gi i\it> lnisnnry ovciflow dim section m the center ot the 
vallc>, hut it is quite c iss to lie misled by the appticnl saving of other tjpes 
of spilh\ajs, such as sulc-chinnd and biphun spills i\s 

Miintui nice mus( iIm) Ijc eonsideied in in iking i decision hoi pm mpie, 
i siddle spillw i\ icmote iroin the limn dun nn> ippeai to be extremely 
chcip md desir iblt However, if rock ib eroded iiom the spillwiy ehmnel 
ind dumped into the tulruc whenever the -pillwiy goe^ into ution, thus 
i using the tidwiLei lcv 1 1 md deert ising the herd, this scheme does not 
ippe ir ejuite so ittnctivc (see be cl inn 4) Jheictore the spillwiy scheme 
which ip]M iis du ip mrv not U eionoinu ll in the long tun 



General plan 


260 — 

240 

220 — 

201 - 

ISO- 


Top of dam^ 



Profile at £of dam 


In 1 Duigi mini die exempli* of r mth dam with connrle spillway and abut¬ 
ments 


2 Spillway Dams The design ot solid gnvilv ^pillwiv dims ind the 
shipe ot the crest ire covered m Chipter 17, Sections 32 to 40 inclusive, 
buttressed enneute dims which mi\ U used is spillw ijs ire discussed m 
( hiptcr 10 flow ovei duns, m C hipter S, Section 11 
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It is often desirable and economical to use n portion of the dam ns a spill¬ 
way. In such cases it is usually desirable to deliver the spilling water to the 
stream bed at a velocity equal to or not much greater than that which the 
stream had l>efore the dam was built, so that erosion iR limited. This may lie 
accomplished by means of various devices, such as stilling basins nr upturned 
buckets (see Chapter 25, Section 5). 

If the main dam is of earth or rock fill, the situation is quite different. 
For such a dam, say 50 to GO ft high, it is generally nut too expensive to 



Fig. 2. Earth dam with concrete spillway and non-overflow sections (Conchas 
Dam, U. H. Engineer Depl.) 

have a concrete overflow section in the center of the valley flanked by abut¬ 
ment walls which retain the earth or rock-fill dam on each sale. Such an 
arrangement is shown in Fig. 1. 

For a high earth dam, say one of 100 to 300 ft, the size and extent of 
the retaining walls would lx* so grral as to make the abo\e treatment im¬ 
practicable. Tf a remote location for one of lilt* types of spillways discussed 
in Sections 3, 4, and 5 is at a premiiun, an overflow’ .spillwa> may be placed 
in the center of the valley w’lth non-overllow seetions on each side of the 
spillway which extend just far enough to permit the earth dam to curve 
arouud and slo^x? down along the non-overflow sections. Such an arrange¬ 
ment is shown m Fig. 2. 

3. Side-channel Spillways. In general, a side-clinnnel spillway con¬ 
sists of a spillway channel parallel to the crest of the weir over which the 
water enters the channel. A typical side-channel spillway is indicated in 
Fig. 3. Side-channel spillways are applicable to narrow’ gorges and some¬ 
times to glacial-filled valleys w’here only one wall of the valley is ledge 
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rock. Informal ion on the design of side-channel spillways is given in Refs. 
1 and 2 of Section 16. 
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Fi«. 3. General plan and profile uf side-channel spillway. 

A£.CJ2. f Vol. 89, p. 882, 1926.) 


(Julian Hinds, Tram. 


4. Saddle Spillways. In some basins formed by a dam there may be 
one or more nalural depressions or saddles in the rim of the basin, more or 
le^ remote from the main stream chanuel, inhere the topography dips to 
approximately the elevation of the desired How line. Figure 4 illustrates such 
a typical saddle-spillway location. To be useful as a saddle spillway it is 
usually necessary for the saddle to l»e finn ledge nick. 

The possession of a bite which would permit the use of a saddle spillway 
is desirable as it may effect a material saving in cost. For instance, in some 
cases it may permit the selection of a relatively cheaji earth or roek-fill dam 
as the main dam arrow the stream valley and the use of such a saddle for 
a spillway. In others the cost of such a saddle spillway is entirely negligible 
since nature lias already cut the spillway channel. Mohawk and Tappan 
1):uiib in Ohio, Bear Creek Dam in Pennsylvania, Conchas Dam in New 
Mexico, Saluda Dam in South Carolina, and Narrows I)ain in North Carolina 
are typical examples of dam and reservoir sites with Middles. 

For a flood control dam where* (he spillway may l>e overtopped only once 
in many years, a saddle spillway is worth while and may result in a material 
saving in eost. Consideinble erosion will take place below a saddle spillway 
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if, as i a usually true, it is nut protected from scour. If this erosion will 
deposit in the river so us to reduce the head on the power development, 
or will he otherwise objectionable, a Middle spillway would not lie justified. 
In many developments where a Middle spillway is used, the tuilruce must be 
exeavaled everj T one or two yours. In others, head is permanently lost 
because dpjHtails arc so grout that it would not pay to remove them com¬ 
pletely. 



Prof ill of dam and apillway section along reservoir rim Profile of £ saddle spillway 

Fin. 4. Typical Middle spillway location. 


6. Chute Spillways. The term “chute spillway/' as here used, refers to a 
spillway isolated from the dam, having its crest normal to its center lmc, 
as indicated in Fig. 5, and having a discharge channel to the river in ail 
excavated trench which is usually paved with concrete in whole or in part. 
Tins type of spillway i> generally adopted where it is impossible or undesir¬ 
able, for special reasons, to pa<s floods over the dam, particularly a dam 
composed of earlli or rock. CTiutc spillways arc generally located where 
the contours, both earth and rock, fire best suited for cconoinionl construction. 

The spillway crest may be straight, os in Fig. 5, but an arc normal to 
flaring side Avails may be found more desirable. Where the crest is not a 
flat-crested Avoir but is a weir section of some height, the curved crest offers 
better hydraulic features, since it pments disturbances downstream as the 
discharge over the crest is not parallel to the side walls. 

The required length of crest is subject to economic consideration since, 
for a given elevation of crest, the height of the dam increases as the crest 
is shortened. The spilhvay is usually widest at the crest and then narrows 
to a width which is determined by the most economical shape of the discharge 
trough. The extreme lower end is sometimes flared or widened to reduce 
the energy per linear foot of the Avater entering a stilling basin. 
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Varied flow chai art eristics of finite spillways may he determined by meth¬ 
ods gi\cn in Chapter K, Section 6. For details of design, free Refs. 1 and 3, 
Section 10. 

6. Shaft Spillways. A shaft spillway, sometimes termed a “morning- 
glory spillway,” consists of a vertical, flaring funnel, us shown in Fig. 0, with 



Flu. 6. CninpuiiHon of stnmlunl- with flat-crested shaft spillway. 


its top as Ihe lip of the spillway. The funnel connects with an ell-shaped 
outlet conduit extending through or around the dam. 

There are two general types of shaft spillways, the first having a standard 
crest (see Chapter 8, Section 11) and the second a flat crest. The^e are 
compared in Fig. G. The flat-crested spillway consists of a “weir sort inn,” 
a “free-falling section” where Ihc shape of the spillway conforms to the path 
of a free-falling jet, and a “vertical-shaft section,” which is completely tilled 
with waiter. Below the vertical-shaft section are the elbow and horizontal 
conduit. 
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In the utandard-crcsted spillway the outline is the same except that there 
ie no weir section, the wator beginning its free fall immediately upon leaving 
the crest, whereas in the flat-crested spillway the water is caused to approach 
the ercst on a flat dope l>cf ore beginning its free fall. 

The staiula id-crested spillway has the advantage of a siruiller-diameter 
crest, since its coellieicnt of discharge is greater than that of a flat crest, the 
former diameter being only ul>out 75 r / of (he latter. Ollier requirements 
being met, the standard-crested spillway is therefore more advantageous 
if the spillway is a tower. 

However, the flat-eroded spillway has the sirmllcr funnel, the diamelcr of 
that shown in Fig. fi at a distance of -M3 ft below the rn*st being only about 
of that required for the oilier ivpe. Therefore, the flat creHt is always 
preferable where the spillway is excavated in the rock. 

The vert iral-sha Ft section of the si am laid-eroded spillway is always some¬ 
what smaller in diameter since the head available for vertical velocity, /»„, 
is somewhat greater. However, this difference is usually negligible. 

The height of flic free-fall mg serf ion (Fig fi) may lie greater than the 
available vertical did mice* to the elbow. When that is true, even though 
the spillway is a tower, a flat-crested or a eonipo-ite spillway may have to be 
adopted, or llie head on the spillway increased, resulting in n smaller diameter, 
and the* reservoir level liinintallied by gates on the cred. 

For details of design of shaft spillway* the reader is referred to Refs. 1, 4, 
and 5, Section Hi. Possible accuracy with present methods of design is not 
sufficient to proceed wiiliout the assistance of model tests. It is also neces¬ 
sary to determine lu dieli test* the location and amount of negative pressures 
wlueh may obtain not only for the dcMgii head but also for lower heads. 

It is suggested lhal, tor a standard-crested spillway, a preliminary test be 
made with a circular sharp-crested weir, equipped with triers if required. 
The* shape of the jet having been determined, the model can lie completed 
and the final tc'-t made. 

For a flal-crested ^pillwav, the preliminary te*t would be conducted by 
installing only the wen section (Fig. (i) and measuring the sliaiie of the under- 
nappe. 

7. Siphon Spillways. This type or spillway is a device for discharging 
water through a closed conduit leased on the principle of the siphon. 1 It 
utilizes the available head at the dam to produce a higher velocity of flow 
than would lx* attained at an overflow w r eir, thus increasing the discharge 
for the same elevation of water surface in the reservoir. Thus, for a given 
length available for a spillway, the u*<* of a siphon Hpillway will result in a 
smaller rise of waiter surface for the same discharge than would be possible 
with an overflow weir. 

Figure 7 show's the normal headwater surface nt the level of the crest of the 
triphon spillway. When tlic water rises, it spills over the crest; and, when 
the flow is such that the discharge strikes the downstream side of the lower 
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log, the air thus confined in the throat is quickly entrained and ejected, and 
the siphon prunes. The suction thus produced increases the velocity to that 
rorrch]M)iuling to an effective head equal to the difference in elevation be¬ 
tween headwater surface and the center line of the outlet, less the head 
expended in friction within the siphon. 

When the iipjier parts of the air vents are exposed, the air drawn in by 
the suction reduces the efficiency of the siphons mit.il the discharge is auto¬ 
matically diminished to that required for stationary water surface in the 
pond. If, however, too much air is drawn in, the siphon action will be broken 

and the headwater surface will then 
rise again, and the operation of prim¬ 
ing will be repeated. If properly pro¬ 
portioned, the siphons will prime within 
a few seconds after the water has risen 
to the required elevation. 

The upper leg is made of sufficient 
length to bring tbe inlet well lielow 
water surface, in order to prevent the 
entrance of ice and drift. The inlet is 
made two or three times the area of 
the throat, is well rounded, and is usu¬ 
ally protect oil by rack bars rather wulc 
upait. The lower leg should be as Jong 

Km. 7. Simple siphon spillway. “*> * praH .cable, up to the bipliomr 

limit, to lake advantage of all the head 
available. The outlet may lie submerged or may be opened to the air, except 
for special case*, where submergence is necessary. 

Siphons with a throat as great as 8 ft have tieon used. The throat is fre¬ 
quently protected by a lining to prevent cavitation. Generally, siphons are 
designed to prime before tile water rises too high, usually a distance equal to 
about one 1 third the height of the throat. However, it is more practical to 
design n siphon spillway so that it will prime for a headwater differential of 
5 or 0 in. This cau lie done bj sealing the outlet and providing a small 
auxiliary siphon to prune with a 5- or G-in. rise and produce a suction to 
draw the air out of the 8-ft siphon. 

Some very large siphons have l>een designed with capacities as great as 
18,000 sor-ft, and with a head between headwater and taihviter equal to 
175 ft. The design of such siphons is rather tricky. The designer must Ixj 
sure to get the low r er leg of the sijihon of small enough diamHer to create 
sufficient resistance and prevent a vacuum from breaking the column of 
water in that leg. Probably long before this point is reached, the excessive 
vibration would be enormous. If anything but a simple and small siphon 
is contemplated, model tests should l>e a prerequisite of design. In general, 
it is tichcvcd other means of discharging the desired quantity of waiter past a 
dam would usually be found more economical and desirable. 
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The discharge of a siphon may be computed from the ordinary equation 
for flow in short tulics (Chapter 8, Section 1, Fq 2). Here a is the area of 
the throat, and the value of the coefficient C ranges, for extreme cases, from 
0.25 to 0.98. Siphons similar to that shown in Fig. 7 have a coefficient of 
alaiut 0.65. Methods to determine the coefficient C are identical with the 
theory of the flow of water in pipes and are descrilied in Ref. 6, Section 16. 

8. Emergency Spillways. An emergency spillway is one that will be 
called upon to operate so infrecjuently that it is not considered necessary 
to protect the spillway control, the structure, its foundation, or its discharge 



channel from serious damage when it goes into action. However, further 
definitions of this type ot spillway vary according to two point* of view. 

From the first viewpoint, the emergency spillway is an auxiliary spillway 
which would Ih* called into action should a flood greater than the spillway- 
dcsign flood occur. From thii* viewpoint it i* simply an added fad or of 
safety. 

From the second point of Anew, the emergency spillway is an auxiliary 
spillway which would Ih» called into action should a flood occur w r hose magni¬ 
tude was, for example, 60 to 80% that of the spillway-design flood. That 
is, a permanent spillway would lie built to accommodate 60 to 80% of the 
proper flood, and an emergency spillway w T ould lie provided to take the 
remainder with considerable damage to it but with safety to the dam. 

An emergency spillway is most easily obtained at a low divide in the reser¬ 
voir run. If the cleAmtion of the divide iH so low that a dike is required, the 
dike is left at sueh an elevation that it will be overtopped before the main 
dam is overt opjK*d. 

A typical emergency spillway is shown in Fig. 8. The elevation of the 
top of the small dike, located at a low divide, is placed al the maximum 
elevation of water surface corresponding to safe!) for the dam, the top of tlie 



604 SPILLWAYS AND HKAI)WATER CONTROL ICiiac. 2flJ 

dam bring, of course, at a higher elevation to accommodate waves and to 
provide that, should a greater rise* of water surface occur, the dike would 
be washed out first. However, the dike should be of such a nature that it 
would not erode fast enough to lower the pornl too rapidly. 

The dike of the emergency spillway shown in Fig. 8 is well protected from 
wave action. If it is not, the dike must be protected by a breakwater, since 
the elevation of water surface at which it would fail must be fixed closely. 

Should there be no low place in the divide requiring a dike, an emergency 
spillway can bo provided if a channel cut through a divide is not ton expen¬ 
sive. In such cases, the channel should be cut to a depth sufficiently below 
high-water surface to provide the required capacity, and the opening should 
be rloscd by a dike built to the proper elevation, as previously described. 
In very erodiblc materials, it may be possible merely to excavate a pilot 
channel and let the flood excavate the rest. In such cases, however, care* 
must, }>o taken to avoid the possibility of a side-slope slide which would 
block the flow of waler and render the spillway ineffective. 

9. Headwater Control.* in) General. The devices commonly used for 
the control of the elevation of headwater, as mentioned in Section 1, may bo 
divided into the following classes: 

1. Crest control, which lowers or raises the crest as the river discharge varies. 

2. Crest Rates, which an* opened and closed to vary the capacity of Ihe spill¬ 
way as desired. 

3. Sillier gates or valves plaeed in passages through the lower purt of tin' 
dnni which, usually in a retainely small measure, augmenl Ihe spillway capacity 
and which primarily sene to pass needed waiter thinugh the dam w’heu insuJfl- 
cient wilier is being used by I lie turbines or being spilled. 

The Inrcgnmg classes may be further divided into the following usual 
forms or type*: 

1. Cresl control. 

la. Temporary flashboaids. 

lb. Permanent dashboards. 

Ir. Tilting gales. 

Id. Jiear-lrap crests. 

Ir. Drum crests. 

2. Crest gates. 

2rr. Plain sliding gales. 

2b. Taint or gates. 

2c. 'Wheeled gates. 

2d. Fttoney gates. 

2c. Caterpillar gates. 

2/. Rolling gates. 

2ff. St op logs or niH'dles. 

♦Sections 0 to 13 inclusive are condensed from Chapter 24, W. P. Oreager, 
Joel D. Justin, and Julian Hinds, Engineering for Dam*, John Wiley & Sons, New 
York, 1944, by Charles M. Wrllons, Technical Assistant, to Deduct Manager, 
T T . S. Engineer Office, Pittsburgh, Pa. 
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3. Sluice gutofl nnd \alves. 

3«. Plain sliding gales. 

3b. Wheeled gates. 

3c. Calc]pillar pates. 

3 d. BuMcrtiy vu1\ch. 

3c. Needle valves. 

3/. Cvlindcv pates. 

3p. Radial pales. 

(6) Choice of Type. Nol only in it impossible to describe within a limited 
space all the many devices used for the control of headwater, but also it is 
very difficult to define all the contingencies that ulTect the choice of type. 
Where water is very valuable, il is essential to adopt a type that is tight 
and will not waste the flow during periods of drought. For rivers containing 
much ire or a large amount of debris during floods, the crest must be unob¬ 
structed or provided with piers that are sufficiently far apart to prevent 
stoppage. 

In this country, dashboards, Fig. 9, are the most common of all headwater 
control devices for small dams. They have been used up to 10 ft in height, 
although a maximum height of about 4 or 5 ft is usually installed. The 
chief objection to both temporary and permanent fla?4il>oards is the diffi¬ 
culty of setting them up agnin after they go into operation. 

The tilting type of gate and the bear-trap crc^t, Fig. 14, have lieen super- 
sedod largely by the drum gate, Fig. 10. The drum gate is useful where a 
large amount of debris or ice is to be pasnod by the dam without fully open¬ 
ing flic gates. Lift gates require full opening to clear the surface of the 
water, but drum gates need 1o be lowered just the amount sufficient for that 
purpose. The large Shasta drum gates, Fig. 10, are *28 by J10 ft. 

Sliding lift gates, Fig. 24 of Chapter 27, an* seldom u*ed on account of the 
large capacity of hoist required to overcome the excessive friction. It is 
usually found more economical to use fewer piers and adopt a large gate of a 
typo easily lifted. 

Taintor gates, Mg. 17, are the most common type of crest gate. They 
are not quite so tight as the straight lift type of gate but can be made so 
with a little maintenance. The usual kind hn* been used for spans up to 
04 ft and for heights up to 35 ft. Much larger gates would seem feasible. 
However, wheeled gates have lieen used for larger sizes. 

Wheeled gates, Figs. 20, 27, and 28 of Chapter 27, have been used up to 
Hpaiis of SO ft, hut, on account of the required wheel spacing, a value of 
span (in feet) limes head on tiottom of gate fin foot) of about 2000 is close 
to the limit of usual practice. 

The development of heavy-duty roller lien rings and hent-treated wheels 
and rails has led 1o the general use of the wheeled gate in preference to the 
stoney gate, Fig. 30 of Chapter 27, which formerly was adaptable to equal 
sizes. 

The caterpillar gate, Fig. 18, has been used for crpst gatoH up to a span 
of 30 ft, but is more frequently used tor sluice and intake gates 
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Rolling gates, Fig. 19, have l>ccn used to only a limited extent in this 
country. They are adaptable tn spans up to 150 ft and heights up to 30 ft 
where exceptional amounts of debris or large ice Hows require a wide clear 
opening. 

Stoplogs and needles have been lined principally for small trash and ico 
chutes and for temporary closure nl‘ openings for maintenance of gates. 

10. Crest Control. The devices used for crest control, i.e., to adjust the 
elevation of the crest as previously explained, make use. of the headwater 
pressure to ruise or lower the damming structure and utilize relatively small 
differences in elevation of headwater to regulate discharge automatically. 

(a) Temporary Flashbuardts. Flashlioards consist of a series of vertical 
boards or panels placed on the crest of the dam for the purpose of raising the 
pond level. Figure 9 shows a typical system of temporary dashboards, con¬ 
sisting of a series of panels supported by pins or pipes which are inserted 
loosely into sockets set in the masonry crest of the daiu. The' pins or pqjcs 
are designed to beml over and loosen the dashboards when ihc water surface 
in the pond reaches a certain elevation, thus automatically lowering the crest 
to pass excessive floods. The boards or panels are fastened loosely to the 
supports, generally by nails driven through the boards and l»ent around the 
pins, and are lost when the supports bend over, unless removed liefnro 
anticipated high water. If they remain on the crest, the effective elevation 
of the crest to pass floods will be raised. 

In order to facilitate the handling of a barge for removing and restoring 
the dashboards, it may sometimes l>e found desirable to provide, at intervals, 
sockets into which mooring pins may be set, as indicated in Fig. 9. fable- 
wavs may also be used ns an anchorage for (lie barge. The boards and Hip■ 
ports are sometimes manipulated from an overhead trolley or bridge on the 
crest of the dam. 

Where it is possible to remove the dashboards in advance of floods, they are 
usually built in panel*, as indicated, and provided with handles. For the 
type shown, handles are not permissible if considerable drift is anticipated, 
ns the drift may collect and cause premature failure. The boards usually 
have unpinned edges, and ashes or similar calking materials are used to make 
them tight. 

Flashboard pins are expected to carry a certain predetermined load and 
to fail when that load is exceeded. The elastic limit, ultimate strength, and 
liehuvior of commercial solid rolled-si eel bars, when the elastic limit is ex¬ 
ceeded, nre quite variable and the load under wliieh failure will occur cannot, 
be determined with any degree oF exactness. A closer limitation of the range 
of load under which failure of solid pins will occur is obtained experimentally 
by turning a circumferential notch at a point that will come immediately 
aliovc the socket. Notching requires spread fabrication, which may not 
always lie clone in ordinary replacement. 

Pins made of commercial sti*el pipe will liend over completely nnd very 
abruyrtly when overloaded and nre therefore preferable to solid pins. A3- 
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though more reliable than un notched solid pins, doub Ie-extra-strong jiipc is 
not an dependent ns extra-strong or standard pipe. In some cases, the pipe 
pins are also notched in order that they will not lx*nd over but will snap off 
and paHfi with the flood, leaving the crest entirely unobstructed. However, 
this is not considered necessary if the flashlmardH are removed by the flood. 

Tests on different sizes of galvanizcd-stccl and wrought-iron pipe, made 
by the Bureau of Htundurds in cooperation with the U. S. Forest Service 
|S], indicate that the average stress at failure* was between 67,000 and 
81,000 lb jier sq in. with an average of nlimit 75,000 lb ]>er sq in. The greater 
strengths wore found for the smaller pipe. Just before flashboard pins fail, 



Fio. fl Teinpormy flush! >o:itiiH. 

while water i> passing o\er the top of the boards, there is a considerable 
hut unknown amount of vacuum under the jet which increases the htre.ss on 
the pins. Therefore the calculated strew ill the pins at failure, ueglecting 
this vacuum, is considerably lew than the ultimate strength indicated by 
tests. 

It is recommended that flashboard pins be designed for an initial stress 
of about 20,000 lb per <-q in. when the water surface is at the level of the 
top of the dashboards, where they are subject to the pressure of waves and 
debris and ice and therefore liable to premature failure. However, ir they 
are well protected, the use of an initial stress of 30,000 lb per sq in. would 
be iienuisHible. 

Failure will occur when the final stress due to rise of water surface and 
vacuum under the jet liecomes about 75,000 lb i>ct sq in. The amount nf 
vacuum is indeterminate, but tests on actual flashboard failures indicate 
that a design based on a stress of 50,000 lb per sq in. would approximately 
take care of the force of the vacuum, if it is neglected in the asaumed forces 
acting. 

* Based cm straight-line formula. 
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For an example, let us assume that it in possible to raise the water purfneo 
during floods to an elevation 100.0, and that a higher elevation of water sur¬ 
face would flood lands not owned. Assume that n 0.5-ft depth is required 
to pass the maximum flood over the spillway after the dashboards have 
failed. Then the permanent spillway crest would be placed at elevation 03.5. 

With these data, it is desired to design dashboards which will fulfill the 
following conditions: (1) they must lie as high as possible in order to provide 
flic highest elevation of normal water surface; (2) they must fail before the 
water surface rises above elevation 100.0, or 6.5 ft above the permanent dura 
crest; (3) they must not fail so frequently under ineduun floods as to be 
uneconomical; (4) they must be reasonably safe from premature failure 
under impact of waves and debris. 

Assuming that the flashboanls are fairly well protected from the forces of 
waves and debris, an initial stress of 25,000 lb per sq in. is permissible. 

Adopt tentatively a 3.0 ft height of flash! man Is, leaving a margin above 
them of 6.5 minus 3.0, or 2.6 ft. In Fig. 10, at the left-hand margin, find 
II - 3.0 ft. Trace horizontally to intersect h - 0.0 ft, corresponding to water 
surface at the crest of tile boards, thence vertically to intersect the initial 
stress K, of 25,000 lb per r*cj in., thence horizontally to interred the desired 
spacing of pins, say </ - 3.5 ft, thence vertically to the lower margin, and 
find li required section modulus S of 1.1 and a standard 2K-iu. pqx* pm. 

Reversing this procedure, it is found that, for *S - 1.1, a sparing of 3.5 ft, 
and a final stress K of 75,000 lb per r*q ill., the water surface would be 
h 2.6 ft above llie top of the II - 3.0 ft dashboards when failure occurs, 
or at II + h - 3.0 + 2.6 — 6.5 ft, which is desired, and our tentatively adopted 
height of boards is correct. 

The foregoing assumes that there is no vacuum under the jet. It lias been 
previously shown that the (‘fleet of a vacuum may reduce the indicated final 
stress to 50,000 lb per sq in. 

Therefore, repeating the procedure for a final stress of 50,000 lb per sq in., 
it is found that failure may occur at a head, It, on the dashboards of 1.3 it. 

With tins design, one i* reasonably sure that failure will occur with lx»- 
tween 1.3 and 2.6 ft above the dashboards, with the probable value closer 
to 1.3 ft. 

If it is felt that a flow corresponding to 1.3 ft over the boards will oceur 
so frequently as to make Ihc failure of tile dashboards a nuisance, or too great 
an expense, then the only alternative is to reduce the height of the boards 
and also the initial stress in the pins. 

For instance, the use of a 3-ft height of dashboards of the same Hize but 
with a 5-ft spacing and with un initial stress of 16,000 lb per sq in. mslead 
of 25,000 would result in their going out with between 2 and 3.5 ft over them. 
Thus, the elevation 100.0 will not be exceeded in the event that the vacuum 
load is not created, and the head h at probable failure lias l>ccn increased 
frum 1.3 to 2.0 ft with greater flood-carrying capacity before dashboard 
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failure, but at the sacrifice of a lowering of the nomuil water surface 3.9 
minus 3.0, or 0.0 ft. 

The foregoing theory applies to standard dam crests. Unpublished experi¬ 
ments by Hibbert Hill have shown that, in the case of flat-crested weirs, the 
deflection of the impinging jet on the horizontal surface at the elevation of 
the base of the dashboards will set up a dynamic reaction which will raise 1 
the water surface under the jet and materially reduce the calculated moment 
on the pins, as shown in Fig. 11, for values h/H greater than about %. 

In Home cases, the panels have tiecn arranged as shown in Fig. 12. When 
the support, A , is removed, the panels revolve progressively around the pins 
until all the panels are either swept away or left hanging to the pms as shown 
by the dotted lines. This scheme leaves the pins in place and they can lie 
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Fill. 12. Plan of flanliboanls designed 
for progressive failure. 


used over again. However, if tlic river is subjected to a considerable run of 
debris during floods enough of this may accumulate on the pins, after the 
panels have gone, to obstruct the crest without Ixuiding the pins, thereby 
causing higher water during floods than has l>ecn anticipated. 

Temporary dashboards are always advantageous for any dam not other¬ 
wise equipped with crest control, provided that the pond does not lap the 
development next above. Fijie sockets should lit* provided in all crests of 
such installations, whether dashboards arc contemplated in the near future 
or not. 

After the boards are removed by a dood, the operators are usually able 
to replace them before the flow is reduced to the capacity of the turbines 
and the pond refilled by the tail end of the dood. With sufficient capacity of 
sluice gates or other emergency outlets, Ihe water surface can be lowered 
to the elevation of the iiermunent crest l>cfore the dood has entirely re¬ 
ceded, and the dashboards can 1)0 easily replaced. The sluice gates are then 
dosed aiul the pond is filled to the top of tile boards. 

An ample number of spare pms should be provided since one difficulty 
in the use of dashlmards is the tendency of operators to replace biokcn, 
well-designed pins with any pii»ce of handy metal, mostly of excess strength, 
in order to avoid replacing the pins so oftcu. Such practice is obviously 
dangerous. 

The thrust of ice and, when the pond fluctuates, the lifting force of adher¬ 
ing ice frequently cause premuturc failure of dashboard*. It is therefore 
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necessary to maintain a channel of open water along the upstream face of 
the hoards. Thin may be accomplished [_!OJ (1) by cutting the channel 
by hand or with steam jetb or ire saws; (2) by use of a bubbler system 
consisting of the release of jets of air at n lower elevation to bring warm 
water to the surface; (3) by use of heaters under covers stretched between 
tlic ire sheet and the flashboards. 

Ire frequently aeeuinidates on and below the downstream face of the flash- 
hoards in an amount sulfiuent to prevent failure. However, it is considered 
that, on large watersheds, this ice will lx* removed by the gradually rising 
spilling water. On small watersheds where ilasji floods are possible there 
may lie insufficient time for such removal and the downstream face should 
Ik* kept free* of ice. 

(6) Permanent Flashboards . Permanent flashboards are similar in prin¬ 
ciple to the temporary type, except that they are designed 1o operate auto- 



Em 13. Details of fliislihonrd dot ire. D.i\is Riidge Spillway. lE. A Dow at 
Spang Meeting, ASM E. t 1925) 

maticallv or >iy manipulation, without damage to themselves. They have 
1 iei«ii used mostly for sprcinl condition* and have not come into general use. 

Figure 13 .shows details of the permanent flu siil wards used at the Davis 
Bridge Dam of the New England Power Company. The supports are held 
in place by a seat on the crest at B and a latch on the bridge at A. They are 
removed during floods by tripping the latch. The boards, which are in the 
form of stoplogs, are lost, and the supports are drawn up to the bridge by 
means of 1 lie chains and returned to place after the flood by fastening the 
lop to the latch and swinging them clown into the seat at the bottom. The 
new bonrils are then forced down from the top. 

One reason for using this type of flashboard in preference to Ihe lees exjien- 
sive temporary Ivpc previously dcscrilied v that the Davis Bridge spillway 
controls an extremely large reservoir. The tail end of the flood would not 
lx* of sufficient duration to refill such a large reservoir if the water surface 
won* allowed to drop to an elevation close to that of the permanent crest in 
order to replace llie flashboards, there being no other outlet of large capacity 
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to be used to discharge the tail end of the flood while the boards are being 
replaced. 

Many oilier typos of permanent dashboards have been used, including 
hinged dashboards which are braced in an (‘reel position, some device being 
used to remove the brace when o]>e ration is required. 

(c) Tilting Gates. Tilting gates of many types have been installed in 
the past, most of which were patented devices. They are seldom if ever 
used now. They consist of a hinged leaf 011 the cro^t, which is counter¬ 
balanced and designed to tilt and release the flow as the* water nsc»s. 

(d) Bear-trap Crests. Bear-trap dam* were originally developed for 
sluicing logs through dams used in logging ojiriations on small si reams. 



They have }>een used for stage regulation on low-head dani', particularly 
in connection with the movable dams for navigation on the Ohio River. 

The Ohio River tvpo of bear trap i> shown in Fig. J1. The surfaces and 
weights of the moving parts are proportioned so that the headwater pressure 
supports the damming structure. The trap is raised by admitting headwater 
to the chamber below the leuves and lowered by draining the rhamlier to 
tail water. Bear-trap dams are ordinarily operated in cither the fully raised 
or fully lowered positions. They can be raised against the * /eight of over¬ 
flowing water by the headwater pressure with usual head difference but are 
arranged to be raised by buoyancy produced by introdiicing air under the 
lower leaf when the head difference is small. Bear-trap dams require a wide 
base but avoid the use of a deep chamber. They are therefore particularly 
adapted to applications where the fixed crest level is little aljove stream bed. 
Bear-traji dams arc very difficult to make tight. 

(c) Drum Gates. Drum gates are lunged gates which, during high water, 
lower into a compartment in the top of a spillway dam and leave the crest 
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free to discharge the flood. The simplest form is the Stickney type, shown in 
Fig. 15, used for the New York State Barge Canal. Its crest is lowered 
automatically by rising headwater. The leaves are so proportioned that 



Fig. 15. Stickney type of drum gate. 


headwater in chamber A supports the movable structure against, the head¬ 
water pressure above the sill at low water. When the water surface rises, 



the headwater pressure becomes relatively greater on the upper leaf and the 
crest is depressed. As the water surface falls to the low water level, the crest 
returns to that level. 
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From this modest beginning, drum gates of very large and complicated 
designs have lieen made and installed. 

Figure 16 shows the type ol drum gate used by the U. S. Bureau of 
Reclamation. Il is designed to maintain a controlled crest level and regu¬ 
lated discharge. Control is effected automatically through a device whieli 
admits or releases water from the chamber beneath the, drum under the 
influence of the headwater pressure. When the gate iH lowered, the top bur- 
faee of the drum matches the curve of the spillw ay. 

11. Crest Gates. The term “crest gates” is used to designate that class 
of spillway control in winch the* damming surface is raised to permit dis¬ 
charge between its lower edge and the fixed cred or sill. 

Crest gates are supported Ik 1 tween piers placed at regular intervals along 
the crest of the dam and are operated from a hoist on an overhead bridge'. 
The gate's should lie capable of being lifted clear of the projecting branches 
of floating trees, and they are frequently protectcd by a concrete buffer or 
front wall above water surface, as shown in Fig. 17. The several types of 
crest gates usually employed are described in succeeding sections. All such 
gates of largo size are either pivoted or provided with rollers or wheels 
which reduce the friction enough so that the gates can lie opened by cables 
or chains and closed under their own weight. The friction is so ‘-mall that 
counterweights to assist opening will not interfere with closing under the net 
imbalanced weight. 

Crest gates are ordinarily opera led by externally applied powvr and require 
intelligent control, although they can be, and sometimes are, operated by 
automatic devices under the influence of the elevation of headw.iter. 

Whore only a few lift gales are installed, individual hoists are usually 
provided; when there are a large number of gates, traveling hoists are com¬ 
monly used. A spare hoist should always be provided if traveling hoists are 
used, and several active hoists may lie necessary if the gates must be rained 
quickly during floods. Hoists for rred gates are usually electrically oper¬ 
ated, as hand operation for large gates is very slow. 

(a) Plain Sliding Gnim. Plain sliding gates consist of a flat leaf span¬ 
ning the opening ami resting directly on the gate supports. Gate denis with 
racks, engaging pinions on the hoists on the bridge, serve to operate them 
as indicated in Figs. 52 and 53 of Chapter 27. In operation, the friction of 
the gate on guides, due to the pressure of the water, is large and must bo 
overcome. The gates arc frequently made of wood willi timber or structural- 
steel stems. For a typical design of a wooden slide gale, w*c Fig. 23, Chapter 
27. A Bureau of Rerlanialion all-metal slide gate is shown in Fig. 24, 
Chapter 27. 

(b) Taintor Gates, The tnintor gate, as shown in Fig. 17, consists of a 
wood or, more usually, a steel faring on a framework w r hieh is shaped in the 
form of a sector of a circle. For this reason it is sometimes called a “sector” 
gate. The whole is arranged to rotate around a horizontal pivot attached to 
the piers. 
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Tamtor gitcs are usually rained by meins of ropes or chains acting simul¬ 
taneously s»t both ends Since the anpulir travel in the bearings is small 
when the gate is raised from the closed to opened position, the work dono 
m oveieommg the friction d icsistince is smilJ Countiweighted tamtor 
gales inn be undo to opci ite uitomiticdlv by the addition of fairly simple 
aitonutie coni ml devices 

A fuither description o* t unlor gitc^ is given in Chapter 27, Section 16 



I ii 17 T unlor pitcs foi Cut it l ills Puwi i Dun C in«\ I oik Rivei Tcnu 

(r) Whuhd i WhciUd consist of a lUt leaf supported by 

si If-dining roller btinnR whrels Tht> in inon fulh desenlxd in Chap¬ 
in 27, in whuli tlw following fmints oruir Iht whirls miy have duect 
support is in Fir #1 01 cintilearr sii]i]»oit is m lies 2f> and 27 An tnd 
lolhr to ktip the Rile ni diiiiuiiiit in i\ lx iisitl, is in Fig 30, or the whedb 

m i\ run on ti itks is shown in 1 ir 20 

The idler buiniRs must Ik protutid from witir, ur, ind ibrnsive mi- 
lernls The Ik inuR rhunlKis should Ik kept pit kid with Ritas* ind are 
R( nor ill} scaled b> witcrtieht dosuies whith fit snugh d»ut the ixles to 
cxiludt water and ur ind 1o ictiin the Ritast 

(</) Stiotu y GaU s St out i Rites beir upon rdhrs, but the lolleib are not 
attochid to tlK Rite Vatu d tiuks it euli end «1 thi gale nde upon 
idltis winch ui tuin toll uiion fivd truks in the piers 
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The rollers arc attached together in "trains” to maintain correct spacing 
qnH almemcnt and to support them in position when the gate is fully raised. 
The roller train travels only half as far ns the gate. Typical btoney gates 
arc shown in Figs. 30 and 31 of Chapter 27. 

(e) Caterpillar Gates. An installation of the caterpillar gate is shown in 
Fig. 18. These gates are e^enlially the same as stonoy gates except that the 
roller trains are arranged as continuous chains, as shown in Fig. 29 of 
Chapter 27. 

Flood control gs|p house 



Fid. 18. CateipilUi first gates, waleiwinks if sen oil piojeel, Oklahoma (Philips 

A Davies, Inc ) 

The rollers are connected by links, and the assembly tiavels around a con¬ 
tinuous truck that is framed into the end ot the gate. The brnome-lype 
gate makes use of tins construction and, in addition, seats along its bottom 
and tddoh in a plane that is inclined relative to the plane of the tracks. This 
arrungement permits positive metallic contact oil the healing surfaces. 

(f) Rolling Gates. The characteristic of a lolling gate, 3 b shown in Fig. 
19, is a cylindrical beam, spanning the opening, to which is attached the' fac¬ 
ing shown by the heavy line. The cylinder rollh on inclined tracks on the 
piers at the ends. A wheel of somewhat greater diameter is fitted at each 
end of the cylinder and rolls upon the track on the pier. These wheels have 
coarse pitched teeth which engage depressions or holes in the track surfaces 
as gears to cause 1 equal travel of both ends. The raising force is usually 
applied at one end, and the force needed to raise the other end is transmitted 
in torsion through the cylinder. The dinmeler of the cylinder is ordinarily 
less than the damming height, and the retaining surface is completed by 
an apron which, when the gate is in the closed position, extends from the 
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cylinder to the sill and, in some cases, by an extended surface Oyer the 
cylinder. Relatively large shields cover the recesses at the ends and carry 
the end seals. 



Fig. 10. Rolling gate at Long Lake Dam. {Eng. Record, Vol. 70, p. 322.) 


The cylindrical structure is built up of steel plates with longitudinal 
stiffeners attached to the inside surface. Diaphragm frames are located at 
intervals, and solid web diaphragms are usually placed at the wheel and 
chain driim locations. Aprons shaped to give the most favorable water reac¬ 
tions when raising or lowering are constructed of steel plates with suitable 
bracing and stiffeners. Wheels, tracks, and chain drums are generally made 
of cast steel. 
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Stop -log 
eet Guido 


Rolling gates have l>een mounted so as to rotate below the normal closed 
position and have been lilted with movable on the top of the cyhnder 
lo pass ice or drift from the surface of the reservoir. 

{g) Cylinder Gates . A cylinder gate con¬ 
sists of a steel cylinder, open at the top and 
but loin and having balanced water pressure 
on the inside or outside surfaces. Typical in¬ 
stallations are shown in Figs. 40 and 41 of 
Chapter 27 and arc more fully descrilied in 
that chapter:* 

(A) Stoplogs. Stoplogs are vertical layers 
of loose tunbers or steel memlKTS s]>aiining an 
opening between piers or abutnieiils and Mip- 
ported at each end in grooves. Typical slop- 
log layouts are shown m Fig. 20 of this chap¬ 
ter and in Figs. 04 and 05 of Chapter 27. 
Stoplogs, which are removed one by one as the 
need for increased discharge occurs, are the 
simplest form of crest gates. The chief objec¬ 
tion to their use is the difficulty of installing 
and removing them. 

For a special arrangement for installing and 
lemming stoplogs, see Figs. 65 and 06 of 
Chapter 27. 

Stoplogs arc usually removed and installed 
by hand. Winches with special grupplc hooks 
have been used for remowd. They are usually 
made of wood for small openings, but built-up steel meml>ers lme linen used 
for the larger openings. 

(i) Needles. Needles consist of a row of slightly inclined tiiiiliers sup¬ 
ported at the top by a bridge nr beam and at the bottom by a sill on the 
crest, as shown in Fig. 21. The needles are 
placed one by one, by extending them hori¬ 
zontally over the pond anti allowing them 
to tip into the current until the lower end 
swings down in contact with the concrete 
near the Bill. They are then drawn slightly 
upward until the lower end rests on the sill 
and aTe rolled sidewise into place against 

those needles already installed. They are «... It , 

removed by liftin' each from iN «rat and *“■ 21 ‘ Ty '" ra] nml,p J,,vo,,t - 
hauling it out bodily. Each should be provided with a hole near the top 
through which to pass an anchor rope. The purpose of this rope is to hold 
the needle in case it gets away from the operators when being handled. As 
needles are invaruddy installed and removed by baud they should not be too 



Stiap 


Detail at u A m 

Kin. 20. Typical sloping lay¬ 


out. 
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large. Timliers G by 6 in. and 20 ft long have been used, This type of con¬ 
trol is not common. 

0 ) Operation of Crest Gates . Trent gates are lifted by hoists which vary 
from the ordinary rack-und-pinion geared hoists operated by hund or motor 
for small slide gates to very complicated hoists for large gates. A relatively 
small rate or power input is required because the rate of travel is slow. 

Crest gates are operated either by individual hoists permanently mounted 
on the bridge or by mumble hoists arranged to travel upon the bridge and to 
serve a number of gates. Choice between these two arrangements for opera¬ 
tion is influenced mainly by the cost of the initial installation and of main¬ 
tenance and the speed and frequency of oi>cniliun required. 

When mdi\idual hoists are used on wheeled or taintor gates, the lifting 
force is applied to both ends bv separate hoisting devices. These devices 
must be tied togclhcr to insure equal tra\el. For short spans, the tie is usu¬ 
ally mechanical and one motor is frequenth umhI to drive both hoists. For 
long spans, electrical synchronization oi the dm nig motors is Hometimos used. 

The mint common form of traveling hoist for the operation of roller-bearing 
and fixed-roller gates is the gautr> crane The points of &usi>ciision are placed 
high enough aiul the fruining of the ciane is airanged so that a gate can be 
muted to clear the tops of the piers and carried across the bridge to other 
gate bays or to a vcoik bay outride the range of gate bays. 

The lift is usually el fee ted by means of wire nq>e falls. Two sets of falls 
are used in order to apply the lift ns equally as possible to l>oth ends of the 
gate. Means should lie provided for conveniently adjusting the lines to assure 
a level pick-up. 

For a more detailed account of gate hoists see description of Figs. 48 
through 63 in Chapter 27. 

(A) Force Required to Operate Crest Gates . The force required to raise 
crc^t gales must be sufficient to overcome (1) the weight of tlic movable parts, 
(2) the friction of sliding, rolling, ami pivoted bearings under load, (3) the 
friction of seals, and (4) incidental loads such as the accumulation of ice or 
sediment, with consideration given to the buoyancy of the gate, if any. 

The theory of tlie force required for the various gator is given in Section 20 
of Chapter 27. A detailed account of the capacity and efficiency of hoists for 
operating the crest gates is given in Section 21 of the same chapter. 

(i l ) Ice Troubles at Crest Gates . Ice must lie prevented from forming on 
cresl gates in order to insure their 1>eiiig in ojieratJiig condition when needed. 
If neglected in cold climates, ice will foim in great quantities below leaky 
gates, and the entire upstream iucc of exposed steel gates will be coated with 
ice several feet thick. The ice wlurh forms on the face of the gates may be 
too heavy for the hoist to lift and, moreover, the ice will adhere to the piers 
and sills. The operation of removing large quantities of ice from the gates 
is Imth alow and expensive. Aside from the greut danger of possible unsuc¬ 
cessful operation of frozen gates when badly needed to pass sudden floods, 
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it will 1)0 found economical to make provisions to prevent the ice from forming 
if the gates must be operated during the winter sea-soil. 

Throe methods are used successfully to prevent freezing of crest gates. 
These are (1) heating by steam, (2) heating by electricity, and (3) the pro¬ 
vision of air jets to circulate the headwaler. 

For the lirst method, the downstream face of the gate is housed in, usually 
with two layers of 1-in. sheeting with building paper between, and steam 
coils are located close (o the skin plate of the gate and also imbedded in the 
concrete near the gate seals. Steam must be supplied continuously during 
cold weather because, if the pipes are allowed to cool, condensation may freeze 
them solid when steam is fir>t turned oil. 

For the second method, space heaters have been substituted for the steam 
pipes inside the housing, with equally effective results. 

In the third method of preventing ice formation, compressed air, released 
from the pipes near the bntlom of the gate, rreal is a circulation which draws 
the wanner water from the bottom of the pond to the* surface. This method 
not only will prevent the fonnation of ice on the face of the gate and the 
piers but also will keep an area or open water above the gate. 

The ice must lie kept clear of the upstream face of the gate, not only to per¬ 
mit operation but also to prevent thrust from the ice sheet against the gates. 
This thnist lias been known to damage* the gates to a considerable extent. 
Care should lie taken not to thaw the ice away from the* projecting nose of 
the piers, which should take flu* ice thrust. 

Flashboards require const a ill attention throughout the winter. Unless the 
ice sheet is kept cut back Irnm the upstream face 1 , the thrust will cause failure. 
If the flitslilmarelb leak or if wilier is allowed to trickle over them, large accu¬ 
mulation* on the downstream face may prevent temporary fla*-hboaids from 
bending over us desired or permanent flashboards from being removed. The 
compressed-air installation previously described has been used also for flash- 
board. 

12. Sluices. Sluice-* for reservoir outlets may be divided into two classes 
according to the kind of service required of them. The first class serves those 
outlets which are operated occasionally or periodically and which are ordi¬ 
narily operated w T ith the opening fully closed or fully open. The second class 
servos to maintain a closely regulated outflow through a restricted ojtening. 
With low heads, all types of sluice gale are used for both classes of service. 
For higher heads, close regulation is effected through valves designed espe¬ 
cially for that purpose. 

The performance of sluice gates is influenced by the design of the sluice 
as well as the design of the gate. An abrupt change in the relation of the 
velocity and static heads lakes place where the sluice is restricted by the gate. 
This causes disturbances in the sluice and frequently produees negative pres¬ 
sures and cavitation in the sluice Mow the* gate. ImpnqM*rly shaped 
entrances may cause disturbances which jiersist through the sluice, and irregu- 
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larities in the surface of the sluice or gate frame may produce hannfill effects* 
These effects may be minimized by proper design of the water passages; 

The entrance to the sluice should be shaped as nearly as possible lake lhat 
of the standard orifice, and the area of the sluice should be reduced gradually 
between the entrance and the control. It is now generally conceded tha t the 
sluice, from the control to the outlet, should be the same section as the control.. 
Sluices have been constructed wijh increasing section below the control for 
the purpose of regaining some of the velocity head and increasing the dis¬ 
charge. However, a large percentage of increase in discharge can be obtained 



Fig. 22. Sturgeon pool development. Cross-section through discharge valves, 
United Hudson Electric Corp. 

by this means only for very low heads, and the practice is objectionable on the 
grounds that it. increases the vacuum and hence the erosion. 

A change of section will invariably be necessary at the control. Conse¬ 
quently, if the control is not placed at the extreme lower end of the sluice, 
the concrete below the control must be well protected by a cast-iron or steel 
lining. The lining must, be securely anchored to the concrete, and the con¬ 
crete. behind the lining must be drained to prevent rupture due to the pres¬ 
sure of seepage from headwater. Drainage may be effected by holes through 
the lining or by porous drains placed in the concrete behind the lining. 

If the tnihvater below the dam has considerable depth, the maximum 
capacity of the sluice is obtained when it is placed just below the tailwater 
surface. However, in such cases, the sluice control is not accessible for re¬ 
pairs. If the sluice is placed above tailwater, some head is sacrificed and 
leakage water will freeze in cold climates. If the tailwater fluctuates suffi¬ 
ciently, the sluice may be placed below the water surface corresponding to 
the river discharge that occurs when the sluice is ordinarily operated and. will 
then be above water surface most of the time* Trouble from freezing can be 
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ehinmal cd by providing, at the outlet of the sluice, a temporary cover which 
may lie removed or wa^cd out when the riuioe control is opened. 


Control Stand 
Direct or Eatandad ' 


Operating Floi 


✓ IV Air Vent Manifold 
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dimranon of the fiiD opening of Ihc sluice control. However, some of the 
logs and trees which are stopjioil bv the rooks will pa&s part way through 
them ami may interfere with the closure of the sluice if the racks ore too close 
to the control. Therefore the nicks should be located 20 to 30 ft above the 
control, depending upon the length of expected logs and trees. Racks are 
sometimes omitted, particular^ for very deep pools. 



Fit. 24 ITuwcll-Biingci \uho (Cmutrsy 8 Mm gun Snulli Co, Yoik, Pa) 


Provihicui should bo nvide lor closing the upper end of the shrine to facili¬ 
tate removal of the control for rtpaiis Stoplogs me used for the- purpose 
in low dumb. For high dani\ a sent is provided 1o receive a bulkhead or 
Rate, which ih lowered iioin the top of the dam 
A duplicate or guard gate ib used where it would lie very difficult, on ac¬ 
count of the great depth of water, to plug the upper end of the Muicc for 
resins to the control or lining. The guard gate, being operated very infre¬ 
quently, ih not likely to be damaged. 
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As the inside of the darn ia very damp, geared hoiRta, cRpecially if motor- 
controlled, require constant care to keep them in good condition. Oil-pressure 
cylinder hoists are most, adaptable to sluice gates and valves inside the dmn, 
as far as cost of maintenance is concerned. 

If the control is located within or at the upper end of the sluice, butterfly 
valves for the smaller ownings (Figs. 34, 35, 42, and 43 of Chapter 27), plain 
metal sliding gates for medium ojicnings (Fig. 24 of Chapter 27), and wheeled 
gates or caterpillar gates for the larger openings are usually adopted. Air 
must be introduced inunediately lielow the ^control point to avoid negative 
pressures. 

As mentioned before, the wheeled and caterpillar gates are normally oper¬ 
ated by eable. Such operation is feasible when the gale is located on the 
fare of the dam with hoists supported alnive water surface. If the gate is 
located within the dam, the necessity for a duffing box lietween the gate ami 
the operating chamber requires the use of a solid stem. 

If the sluice is not located in the sqiilluav section of the dam and inhere 
structural and operational conditions permit, the ideal location for the con¬ 
trol is at the lower end of the sluice where surplus energy of the water can 
be dissipated outside the structure. The entire sluice is then subject to head¬ 
water pressure, which is dcsiiablc as far as hydraulic performance is con¬ 
cerned but necessitates watertight lining unless full headwater pressure is 
considered as acting in the masonry in the vicinity of the sluice. 

In such rases, a differential needle valve, Fig. 23, or a Howell-Hunger valve, 
Fig. 24, is usually placed at the end of the sluice. 

The needle vuhos are arranged to operate bv variation of the water pres¬ 
sure in interior chambers under manual control. The Unwell-Hunger valve 
consists of a fixed cylindrical boilv, with a cone-shaped lower end, and a hy¬ 
draulically balanced cylindrical gate. The rnne-.-haped outlet causes a diver¬ 
gence of the jet w’liich is dissipated over a very large area with lesulting induc¬ 
tion in scour below the outlet. 

13. Weights of Gates. The following figmes give the weighls of several 
types of gate. The parameters used as abscissas coni am the following factors: 

W = the width of the gate in feet, clear owning. 

II = the height of the gate in feet, clear opening. 
h = the head of water on ('enter line of gate in feet. 

All weights arc in pounds. 

The data for the figures were obtained from IT 0. Gerdcs, P. L. Heslop, and 
E. B. Miller* F. L. Roissonnaull 115], and the uuthors. 

(a) Drum Gates. Figure 25 gives weights of drum gates, including all 
moving and stationary parts and complete control, hr compiled by F. L. 
Boussonnault [15|. 


* Compiled for the Bonneville Power Navigation Project. 
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(b) Sliding Gates . Figure 26 gives weights of metal sliding lift gates with 
hydraulic hoists, as compiled by F. L. Boissonnault [15], The weights ate 
based oh designs of the U, S. Corps of Engineers and the Bureau of Reclama¬ 



tion and include all moving and imbedded metal with a 5-ft length of cast-iron 
conduit lining. No hanger, piping or valves are included. 



153? (ATT* + hlP + 6,420 y/h +30,000) 
10 1 


Fig. 26. Weights of sliding lift gates with hydraulic hoists, 

(c) Taint or Gates. Figure 27 gives weights of taint or gates with steel face 
^plates including anchorages and imbedded metal. The weights do not mclude 
the hoists, lifting chains, or cables. The gates are not counterweighted. All 
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are of riveted construction except the two inclosed in a circle, which are of 
welded construction. 

The dotted line in the fiirure is plotted to give weights which Mr. Boisson- 
nault says are in line with prolmblc future average welded construction as 
indicated by A. K. Niefwrhof* 

(d) Weights of Wheeled and Stoney Gates. Figure 28 gives the weights 
of lift gates, mostly of the stoney tyi>e. It is believed that this figure can be 
used for wheeled gates. 

(e) Caterpillar Gates. Figure 29 allows weights of caterpillar gates from 
data furnished by F. L. Boissonnault [15]. The weights include imbedded 
parts but not conduit lining, hoists, and cultlo^. The encircled points have 
cast frames. Olher points show weights of a utility line of Phillip and Davies 
gates, all or nearly all of which have structural-steel frames. 

The authors found it impo^iblc to derive a parameter which would cause 
the plotted points to approximate a straight line more closely. 

(/) Rolling Gates. Figure 30 gives weights of rolling gates, including ini- 
liedded metal, but excluding hoist and chain. 

14. Log Chutes. Log chute.s may be required by law in places where 
there are logging ojieratioiis on the *>1 renin. A typical chute l** shown in 



Fig. 31. It consists of a depression in the crest of the dam, having a bottom 
elevation 2 to 4 ft liolow low-water surface and provided with a control 
through which the water passes to a smooth inclined flnine. The logs may 
then pass down this flume to the lower pool. The gradual ineliue is necessary 
to prevent the Jogs from impinging, at high \elocity, directly on the founda¬ 
tion of n shallow lower pool, with danger of their lioing split. The inclina¬ 
tion of the chute varies greatly with local conditions. 

The control whirh regulates- the flow through the chute is usually of a type 
that lowers when more water is required. Drum gate*, boar-trap dims, and 
stoplogs, all previously described, are frequently used for this purpose. 

The chute should lie made as narrow as possible in order to provide the 
required depth for passing logs with the minimum di*ehurgc. The depth of 
the water passing the control can bo regulated by the ojierator; but the width 

* Western Constriction N( ws, Deccinlx-r 1943. 
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IB usually not adjustable. The width required depends, of course, upon the 
size of the logs and the rate at which they must puss the dam. Some log 
chutes have been provided to pass only one log at a time, but chutes 30 ft 


wide have also been built for enor¬ 
mous logging oi>erations. 

16. Fishways. State law fre¬ 
quently requires the provision of 
some means for the safe passage of 
fish past dune*. This may l>e ac¬ 
complished cither by fish ladders, 
consisting of an inclined trough in 
which the water flows from the 
upper to the lower pool at a ve¬ 
locity against which fihh can easily 
swim, or by mechanical devices 
which “lift" the fish over obstruc¬ 
tions. 

The three general types of fish 
ladders arc* shown diugrammutirully 
in Fig .'12. Sketch A of Fig. 32 
slum- Ihe overflow type in which 
each buflleboard contains a notched 
weir over which the water spills, 
with a flow low enough for fish f 0 
jump. Sketch B is the rapid 5 * type, 
in which the baffleboards are shorter 
Ilian the width of tile trough, leav¬ 
ing openings at the ends for passing 
the flow. Sketch 0 is the sluice 
type, in which each buflleboard con¬ 
tains ail opening for passing water. 
Openings are staggered as shown to 
give the water a circuitous path, 
thus killing a* much of its velocity 
us possible. 

S]iecificatioiiN for fish ladder^ are 
furnished by the slates that require 
them and depend upon the type ol 
fish tlmt will use them. The main 
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MEIW A-OYERFWW TYPE OF LADDER 



Plan 

SKETCH B-RAHD8 TYPE Of LADDER 



Profilt D-D Mnm E-E 



Plan 

SKETCH & SLUICE TYPE Of LADDER . 

Fid. 32. Diagrammatic sketches of types 
of fish ladders. 


object of design is to provide as much friction aR possible so that the slope 
of the ladder will be at the minimum for a given velocity. 


One of the most successful mechanical device*) for lifting fish over obstruc¬ 


tions is the fidi loek, whieh incorporates the essential features of a navigation 


lock. Unit is, il consists of a lock chandler, a gate-controlled entrance by 
whieh the fish enter the eliamlier at the lower level, a similar means of per- 
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mitting the fish to leave the chamber at the higher level, and a system of 
valves fur alternately filling and draining the chamber. 

The most important feature in the design of any fishway is the nature and 
position of its entrance. The habit of fish is to proceed upstream until halted 
by an ulwstniction ami then nose 1 their way from side to side, searching for a 
passage, always facing upstream. Therefore, the entrance to the lower end 
of the fishway must be placed near the base of the obstruction. 
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INTAKES 

1. General. The function of the inlake in a hydroeleetrie development 
is to let the water into the pcrotock or conduit 1 under controlled conditions. 
Thus, an intake contain racks to prevent the entrance into the water pas¬ 
sages of the plant of debris and ice large enough to injure the equipment and 
gates that control the flow of water through the intake, If a conduit includes 
un open flume or a canal, it may be advisable to have two or more intakes, 
for example at the entrance to a power canal and at the power plant itself. 

Intakes for hydroelectric projects can l>c divided into two general classes: 
high-pressure and low-pressure intake*. High-pressure intakes are used, in 
general, where the drawdown is considerable, a\ for instance, in a reservoir 
that may serve both as a storage reservoir ami as the headwater of a hydro¬ 
electric development. This type of intake is more fully described in Section 
10. Low-pressure intakes, which are the more common class, are used for 
relatively smaller drawdowns such as may be expected in the daily and weekly 
vater-Hurface variations in power ponds. They are described more fully in 
Section 9. There is no clear line of division bclwoon the two classes of intakes. 

Figure 1 shows an isometric drawing of the intake structure at the Grand 
Coulee development, State of Washington. Note the slightly unusual semi¬ 
circular trash-rack structure. 

Figure 3 shows the transition section of the ]>cns1ock for this same intake 
beginning immediately back of the gate. This intake makes a transition from 
a rectangle 29.U5 ft high by 15 ft uide at the gate to a circle IS ft in diameter 
at a dimmer 34.95 ft back of the gate measured on the roof of the penstock. 
All losses from forebay to circular section do not exceed 15% of the velocity 
head at this point. 

The general requirements of intakes may be listed as follows: 

la) Structural Stability . The structure must be stable even when de¬ 
watered. Low-pressure intakes are frequently un extension of, or part of, 
a dam and an' subject to all the requirements for dams. High-pressure in¬ 
takes, if in the form of an unsupported tower, must be stable against ice 
thrust and earthquake. (See Section 8.) 

(6) LimEhitio/ii of Velocity. The velocity through the racks, gates, and 
other passages must be confined within economic and practical limits (sec 
Sections 5 and 7). 
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(f) Hydraulic Efficiency The shape of the wnlei passages must he such 
that the transformation of static head to eonduit velocity is gradual and 
entails the smallest practical eddy losses (see Section 3). 

(d) Practicability of Operation. The intake must 1m* adaptable to practical 
operation All apparatus should be reliable and reasonably quick to operate. 
Delays due to repairs of conduits and turbine* and to breakage of intake gates 
and hoists and other parts are all too frequent and must be guarded against. 



Horizontal Section A-A 
CrDotulo qfo Built-Up Boom 
Kn« 2 Tvpic.il booms 


2. Forebay. The foicba\ is the enlarged body oi water just above the 
intake. It ma\ be the pund formed lr\ the diversion (lam, or it may lie the 
enlarged section of a canal which is spicad out to accuinmodute the required 
width of the intake. 

It is usually necessary to provide a deflecting device, which often consists 
of a lHK>m, piefornblj .it an angle of 30 to 45 degices to the direction of flow, 
to divert ice and trash from Ihe intake to the spillway or to a sluiceway at 
one end ol the intake. 

(a) Concrete Baffles . Figure^ 15 and 18 show a deflecting device consist¬ 
ing of a fixed eoncrete hnffle wall supported on piers. This type is exjiensive. 
The baffle wall must be designed for stability against ice thrust. However, 
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such devices arc justified in cold climates where the stream is so shallow that 
the top of intake must be ut or near the water surface, as the ice troubles 
are thereby minimized. (See also Section 6.) 

(&) Booms. More frequently the deflecting dovire consists of a floating 
boom, v*hirh is sometimes made from rouud logs fastened end to end. How¬ 
ever, ice and debris can easily dive under such a boom, and, accordingly, booms 
for this purpose are frequently built up of timbers in sections from 16 to 24 ft 
long. These sections are fastened together to form a continuous boom. 

Figure 2 shows two typical built-up timlier booms. One trouble with timber 
booms is that they decay rapidly in water. Their life may be somewhat 
prolonged by painting or brush-coating with rreosote the portion out of water. 
Thorough impregnation with creosote is not practicable, as it may make the 
timber so heavy that it will sink. 

For these reasons some power companies have resorted to steel-pipe booms. 
Figure 3 shows a built-up steel-pipe trash boom as installed at the Cl ay tor 
development, Virginia, by the American Cas and Electric Service Corpora¬ 
tion. Another boom of identical design has been installed at the Winfield, 
W. Va., plant. At Clay tor, the 1%-in. steel cable which establishes the alme- 
ment is anchored at an intermediate point in order to make the angle which 
it presents to the line of flow as steep as possible. The over-all length of this 
boom is 710 ft. The boom eonducls the trash to a drop-type tra*-b gale imme¬ 
diately adjoining the poweihouse. Such a boom coh! approximately §27 per 
ft in 1046. 

The tension in the l>oom depends on the distance the boom projects below 
water surface, the velocity of the water, and the sig in the boom. For prac¬ 
tical purposes, the tension in a boom can be obtained by assuming llie boom 
to bo nn arc of a circle and the pressures radial. 

liet R = the radius of curvature of the lmmn, in feet; 

or = the angle of the chord of the arc to the direction of flow; 
d = the depth of the boom lielow water surface, in feet; 
where v = the velocity of the water, in foot i>er second; 
g — Ihe acceleration of gravity = 32.2; 
ir = the weight of 1 cu ft of water in ixuinds = 62.5; 

T = the total tension in the boom, in pounds. 

Then, 

T — ^ ■ (sin a) = 1.64 Rdv 2 (sin a) 

0 

Ample allowance should be made for the indeterminate effect of wind and 
the friction of flowing water on an accunuilalion of ire and debris against the 
boom, and nbo for the impact of this accumulation. 

Although the impact of ice floes and debris on floating booms usually is 
not severe, allowance must l»e made, of course, for unusual conditions. The 
boom should lie loosened from its anchorage after it becomes imbedded in 
ice, if a movement of the ice sheet iR to be expected. 
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Fiu. 3 Plmi and section of sf<vl-|upr 1 nu>h boom. Claytor hydroolodric develop¬ 
ment of Uie Appalachian Elertnr Power (\i. (American Ci.w and Electric Service 
Coip M New Ytnk. N. Y) 
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Single-log booms are simply fastened at the ends by means of chains or 
cables, but built-up booms are usually supported on cables or chains that 
are continuous between anchorages. Cables are better than chains if more 
than one is required, because, if there is unequal stress in the cables, those 
having the greater stress will stretch until the tension is fairly well distributed 
among them, whereas chains, having less elasticity, would be likely to break 
under such conditions. Cables should be galvanized or well protected with 
paint or heavy waterproofing lubricant. 

With long booms, the tension may be so great that intermediate anchorages 
are necessary. These can be provided by concrete or rock-filled timber cribs, 
or as is frequently done, cables or chains nin be attached to the boom at 
several points and anchored to the bottom of the forebay above the boom. 
With the latter arrangement., an adjustment of the boom can be made by 
varying the length of the cables. 

Floating booms should be composed of well-seasoned softwood timbers and 
should be painted to prevent waterlogging. The ends should be anchored 
so that the connection is free to rise and fall with fluctuations in the water 
surface. The depth to which the boom and its baffle projects beneath the 
water surface is usually about 3 or 4 ft. 

A sluiceway at the outlet end of the boom, as shown in Fig. 17, is essen¬ 
tial in order to pass cake ice and trash when no water is flowing over the 
spillway and to create a greater surface velocity toward the outlet.. The 
sluiceway is usually provided with stoplogs or an overflow gate to regulate 
the depth of outflow. 

3. Hydraulics of the Intake. It is of great importance in the design 
and construction of intakes to have the water passages as smooth as possible 
in order to eliminate all unnecessary losses of energy. Changes of section 



Fig. 4. Intake transition of Grand Coulee penstock. ("Economic Principles in 
Design" I. A. Winter, Tran*. AJ8.CJS., Vol. 106, p. 331, 1941.) 
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nhould be made gradually, nnt abruptly. It will ]>uy the engineer to devote 
considerable time to n study for determining the smooth gradations in curva- 
lure that will give minimum losses. Smoothness will frequently mean warped 
surfaces and a consequently increased cost for formwork, but very often 
the energy gained will pay a large return on this additional investment. 

The most desirable and ecnnomicid curvature for these gradations is one 
that makes the velocity changes plot on a straight line. That is, when the 
velocities at various intermediate section* between the prescribed sections are 
plotted as ordinates and distances as abscissas, the minimum loss will take 
place if the points plot nu a straight line. 

At the Grand Coulee povser plant on the Colunbia River, careful atten¬ 
tion was given to the transition section Ijctween the intake and the pen¬ 
stock immediately back of the head gate (sen* Fig. 1, Table 1, and Fig. 4) 


TABLE 1 • 

Auras and Dimensions of Sections in Transition 
CShand Coulee Plant 



Dimensions al 

Ellipse. 1 

Aim of 


Cent ei Line 

Axes 

Sections in 

Sec- 

in Feet 

in 

Feet 

Sciuare Feet 

turn 








1 fright 

Width 

Voiti- 

ral 

Hori¬ 

zontal 

Jet t 

Actual t 

o if 

29.05 

15 00 

Red 

angle 

444.7 

444.7 

1 

23.72 

15.30 

11.86 

0 63 

350.6 

356.5 

2 

22.09 

15.00 

11 05 

2.21 

324.5 

323.7 

3 

20.90 

15.90 

10.45 

3.21 

305.1 

303.5 

4 

20.05 

16.20 

10 03 

3 99 

292.5 

290.5 

5 

19.34 

lfl.50 

9.67 

4.65 

284.2 

280.5 

6 

18.82 

16.80 

9.41 

5 35 

278.2 

273.0 

7 

18.48 

17.10 

9 24 

6.18 

275.0 

267.0 

8 

18.25 

17.40 

9.13 

7.05 

273.0 

262.3 

9 

18 10 

17 70 

9 05 

8 05 

271.9 

257.8 

10 

18 00 

18 00 *♦ 

Circle 1 

271.7 

254.5 


Dovetailed 
Distance 
from the 
Origin al 
Seal Plates 


Hoof § 

Floor || 

0 

0 

5.45 

3.30 

9.25 

5.60 

12 95 

7 95 

16 10 

10.70 

19.35 

13.40 

22.57 

16.10 

25.77 

18 85 

28.80 

21.70 

31.92 

24.60 

34.95 

27.40 


* From “Kwmcnnic Principles in IXwijpi," bv L A. Winter, Tran*. A.8.C.B., 
VoL 106, p. 344, 1041. 

f Normal to avis of dam. II Origin at elevation 1023.308. 

t Normal to flow. $ Gale seal. 

§ Origin at elevation 1052.057. ** Diameter. 
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to the point wiioic the loguhr lS-ft-dimuter ]H*nstork wa»» re u hod at \ ilib- 
tanee ippioMimtelv 35 ft downstream from the head Rite 
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to a platform by hand and then disposed of. The dope of the racks was 
often 1 vertical to % or % horizontal. Mechanical rakes, os in Figs. 8 to 11 
inclusive, have made the slope less important, and many racks are built 
vertical as in Fig. 7. Muuy engineers still prefer the racks to slant slightly. 

Figure 9 shows an arrangement of the Newport News mechanical rake 
which facilitates the disposal of the debris through a sluice. 

(6) Spacing of Racks. With small turbines, it is necessary to use close 
spacing of trash-rack bars (2YAn sparing being not uncommon for small 
units). For largo units with large water passages, much wider spacing is 
permissible and generally desirable. However, about 5-in. spacing is gener¬ 
ally considered the maximum dedrable, us anything much larger would per¬ 
mit the entrance of timbers that might injure the wicket gates or runner. 

It is usually wise to adopt the rack-bar s]iacing recommended by the 
turbine manufacturer. Ruck bars and their supporting structures, when 
subject to complete clogging, are designed for very high working strewn*. 
(»See also Section K.) A usual criterion, for temperate climates, is that 
rark bars and their steel supports be designed for 25% of the total head 
to which they might be subjected if wholly clogged wilh outer fiber stress 
limitation in the steel of 16,000 lb. Accordingly, rack bars might not fail 
even in case of complete stoppage. 

(r) Construction of Racks. Trash racks are made of steel bars of rectangu¬ 
lar cross-section set parallel 1o emh oilier They are usually built in panels 
4 or 5 ft wide and not too long for handling. Figure 4 shows details of the 
racks of tlie Sort Maple development. The main supports for the racks con¬ 
sist of horizontal 1 beams, A t spanning each intake bay. Attached to the 
supports are the inclined T beam and channel guides, B. The rack spacing 
bolts, C t project sufficiently to slide within the inclined guides. The racks 
l-est on the filial] channels, D, attached to the main supports, which serve 
merely as a filler to make the racks project beyond Ihe center flange of the 
inchned guides. 

The rack bars are usually H or % in. thick, the latter thickness being more 
frequently adopted on account of the ilesirubilitv of greater stiffness in han¬ 
dling. They are usually to 3 in. wide. For very wide spacing of bars 
for large units, the liars mav have to be larger in order to lie structurally 
safe. At intervals, the bars are drilled as close to one edge as practicable, 
and rods % or % in. in diameter are passed through them. Thimbles, ob¬ 
tained from short lengths of steel pipe, aTe threaded on the rods to net as 
spacers to keep the bars npnrt. The rods are threaded at the ends, and a 
section of the bars is bolted together. The edge to which the drilled holes 
arc* closest is toward the downstream side of the racks, so that the teeth of 
the rake can pass lietweon tlie rack bars without interference and remove any¬ 
thing lodged on or between them. 

It is now common practice to weld up frames of rack bars as in Fig. 7. 

If no crane is provided for handling the racks, they are usually made in 
sections sufficiently light foT hand removal and replacement and are built 
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Pic 6 QuinlitiM in unr unit of intake 
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up l>cfore being lowered into place. However, where the top sections are to 
lie removed during timeb of anchor ice and a crane is provided for lifting 
them, they are sometimes made in very large flections. 

It is esbentml that the sections be stiff enough to prevent springing during 
handling. This feature is particularly necessary if the top seclions arc to 
be removed when anchor ice is running, as previously diseu^cd. 

No projection of any kind which will engage the rake teeth and interfere 
with raking t>hould be allowed on the rark« or the supports. If the racks arc 



Fig. 8 Mechanical rake (Newpoii News Shipbuilding and l)iv Dock Co) 

made in sections, the seel ion- niuot join perfectly no that each bar of one 
section will line up with the corresponding bar of the section below. The 
rack supports are frequently designed not only a* twain* to support Ihe racks 
but also ns struts 1o support the «ule walls against water pressure. Approxi¬ 
mate weights of ruck and sup])orls fur the usual type of low r -pr"&Hiire ml.ikes 
are given in Fig. 6. 

The usual velocities of flow through racks are discussed in Portion 5. 

(d) Raking Racks. At small plants, hand raking of racks is practiced. 
On most streams it is necessary to do very little raking of racks during the 
greater part of the year, but in the fall, when the streams carry a great many 
leaves, intensive raking is frequently required. AKo, at times when they 
are carrying a large amount of debris, raking become* quite a problem. 
Streams vary greatly in this reflect; on some, in order In keep the racks 
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Fig. 10. Leonard trash rake and car with hopper for Ebasco International Cia. 
Paulista de Forga e Luz, Avanhandava hydroelectric project, Brazil, S. A. (S. 

Morgan Smith Co.) 



Fig. 11. Leonard trash rake, Santee Cooper Dam. (South Carolina Public Serv¬ 
ice Authority.) 
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VELOCITIES THROUGH RACKS 

sufficiently free to permit the efficient operation of the units, constant raking 
with considerable force is required at certain seasons of the year. 

If the intake is submerged materially, there is no problem of raking. 

The hand rake consists of iron or wooden tines spaced to fit between the 
rack bars. The handle is sometimes a steel pipe, but this makes a rather 
heavy tool for deep raking. A convenient type consists of an iron rake-head 
with tines to cover a width of rack bars of about 18 in., and a handle of 
selected ash about 114 in. in diameter. 

The cleaning of racks may be greatly minimized by means of a com- 
prcs^ed-air bubbler system as described and illustrated in Section 6 g. By 
using this bubbler system with unit at part gates and headwater elevation 
above the top of the racks, practically all trash may lie brought to the sur¬ 
face and passed over into the sluicing trough, as in Figs. 16 and 17, and dis¬ 
posed of to tsiihvater. 

O) Mechanical Rakes. If a great deal of raking is required, it pays to 
install a rack-raking machine. Many of these machines arc in use at various 
plants, and they are generally proving effective in keeping the racks free of 
debris under severe conditions. The wholly mechanical type of rake is 
preferable. Such a machine, as made by the Newport News Shipbuilding 
and Dry Dock Company, is shown in Fig. 8. In this figure, wlirii the rake is 
tx'ing lowered from a drum lioiht, tendon is on the line P, and the teeth of 
the rake hang loosely with the back ends lower than the front. On the 
ascent, the tension is on the line C, which pulls the teeth up straight and 
causes the front end of the teeth to ride between the racks and Ho the rak¬ 
ing. Illustrations of mechanirul raking devices are shown in Figs. 9, 10, 
and 11. 

5. Velocities through Racks, (a) For Low-pressure Intakes. With 
small units and consequent closely set rack bars, design criteria have usually 
limited maximum \elocity through the gross cross-section area of the racks 
to about 2.5 ft per second with reliance on hand raking. With large units 
and mechanical raking, wider spacing of rack bars is permissible, and maxi¬ 
mum velocities of 5 ft per second have been used successfully m low-pressure 
intakes. For instance, at Wheeler Dam (T.VA.) Ihere is a velocity of 5 ft 
]>cr second through the gross area of the racks under full-load conditions. 
Under this condition the flow was 9400 *ec-ft with a gross loss of 0.1 ft [1]. 
Gross losses through racks are generally 0.1 ft to 0.5 ft and in the judgment 
of the authors should not exceed the latter amount. (See Section 6, Chap¬ 
ter 8.) 

(6) For High-pressure Intakes . As in Figs. 41, 42, and 43, considerably 
higher velocities may be advisedly used through the racks of high-pressure 
intakes. It is seldom necessary to rake the racks of such intakes, and over-all 
economy rather than convenience may determine the velocity to be used 
in raking racks. Many high-pressuro intakes operate successfully at maxi¬ 
mum velocities of 10 or 12 ft per second through the gross area of the racks. 
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6. Prevention of Ice Troubles at Intakes, (a) General. hi the de¬ 
sign of intakes located in cold climates, it is often necessary to adopt special 
precautions to prevent ice from interfering with the operation ot the plant 
(see also Section 9/). 

Figure 18 shows a type of layout that is likely to invite trouble from 
floating ice, and Fig. 14 shows a general layout Unit minimizes this problem. 
A deep and quid pond tb.it will permit the early formation of on ice sheet 
is desirable. If there is also a deep intake ftlie top of which is, say, 40 ft 

1x4(111 water mu fact*), trouble from ice even 
hi the coldest climate veil] be practically 
climilia led. 

Thi* opeiator has to contend with thiee 
distinct forms of iee, namely, sheet ice, irazil 
ice, and anchor ice. 

(f>) Shed Ire. Tlie small ire crystals that 
fonn when the temperature of the water at 
the airfare 1 .ills- to the freezing point iiceu- 
liniliili* to hum au iee sheet it the current of 
I he water docs not disperse them. In hwiltlv 
moving water, the ice sheet iorm- at Ihe 
side-, wline the velocity is relalivelv low, 
and guduallv builds out until the whole 
Mirlace i- rnvcird. II the velocity i- too 
high, or if fluctuations ol the WMler -mince loosen the -licet at the side- as 
fa-t as it fnuns, the siiri.ice will nut b(*comc cov T errd even in Ihe eoldeH 
clunatc*. 

When the ice shed nulls, it break- up into large cakes that flout down to 
the intake and nriuH be di-]>oscd of through ice chutes or over the dam. Ice 
chutes at the lower end of canals are e—ential to get rid of floating ice. 

(r| Frtml Ice. The small ire rrv-tal- that form at the surface or in rapids 
and aie not belli back in the lonnation nl ail iee sheet appear at the intake 
and are known an “needle'' or “frazil” ice In the eddying of the current 
the crystals clol together loo-elv in soft masses termed “slush’* iee, which 
float at various depths. Tin- ice has a tendency to adhere tightly to all 
structure* having a temperature equal to or less than the freezing point of 
water The adherence ot the ice to the racks and the turbines may com¬ 
pletely plug all openings within a short time aftei Ihe ice Haris to run. 
Rakes will not effectively remove this ire front the racks. 

(r/j Anchor lev. Anchor ire consists of small in* needles which form at Ihe 


Fin. 12. Hynes clertiic Hi-uight 
tubular healer used for keep¬ 
ing gate and nick guides fiec 
from ice. iShown with heating 
pile partially removed fiimi 
casing. (Lee V Hynes) 


bottom of fairly quiet, shallow bodies of open waier or waiter covered by a 
thin transparent ice sheet H appears usually on cold, clear nights and be¬ 
comes loosened and float* away during the early hours of the day. In 
action and appearance it is very similar to frazil icc, previously described. 

Except in rare cases, frazil and anchor ice occur only when there is no 
ice cover on the river, pond, or canal. Consequently, when the powerhouse 






PREVENTION OF ICE TROUBLES AT INTAKES 540 

is located in the dam and a pond of considerable size lies above tho dam, 
there is seldom serious trouble from frazil or anchor icc. Similarly, little or 
no trouble need be exjieelcd when the approach to the powerhouse intake 
is through a long, deep canal at a velocity lo wenough to ]>eriiii1, the ice 
sheet to form readily. However, at practically all plants in cold climates, 
there will be some formation of frazil and anchor ice during the late fall or 
early winter be!ore the water has a rhaurc to freeze over. 




Low head, shallow intake, absence of 
boom or skimmer wall attract ice to intakes 

Fie. 13. (leuci.il l.uoul uniting liouble from floating ice. (From P. E Gisige«\ 
Pcunsyh.uiia VValcr and Power Co.) 


On the otliei hand, when condilinn" arc Mich that the water v* brought 
lo or near Ihe intake at a ielali\ely high velocity, which tend- to prevent 
the formation of an ice dieet, a great deal of frazil and anchor icc ib likelj to 
be fonnerl. 



Fin. 14. Gcncial layout iniiimimiig trouble fmm floating ice, (From P. E. 
(linger, Petm^yb.una Watei and Power Co.) 


The greatest source of trouble is frazil and anchor icc. Fortunately, 
these* formations are very loosely held together and possess little or none 
of the structural strength of sheet icc. Accordingly, if they can he prevented 
from sticking to the surfaces of the racks and turbines and thus causing 
clogging, they may be passed through the plant without making trouble. 

(r) Adherence lo Surfaces. It has already l>een stated that frazil and 
anchor ice will adhere to surfarcs I hat are at or l>clow the freezing tempera- 
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ture of water. If such hurfaees can 1* kept only a very small fraction of a 
degree warmer than freezing temperature, no difficulty will be experienced. 
The greatest trouble occurs at the racks, because the turbine purta are usually 
kept at a temperature above freezing by conduction from the warm air sur- 
rounding tlie generator. 

The three general methods of preventing trouble from frazil and nnrhor 
ice at the racks are: (1) heating the racks, (2) diverting the ice with com¬ 
pressed-air jets, and (3) removing the rack during ice runs. 



Fig. 15 Outside bafflr wall at Hollwood plnnl (McCall's Forty). Susquehanna 
River, Pa., used to divert ice. (From Etig. Record , Yol 56, p 319) 

(/) Heating of Rack*. For the heating of the racks and other steel sur¬ 
faces to which ice may adhere, the entire structure above water surface must 
be housed in a baffle wall ahead of the racks. This wall, which extends 
slightly lielow water surface, as in Fig. 15, swerves to exclude the outside air. 
Warm air is then introduced inside the housing, and this warms the upper 
end of the rack bars, which should ext end some distance above water surface 
into the housing. The rack bars should be continuous from top to bottom, 
and by conduction the heat is transmitted to the lower part of the rackH. 
This method of heating is not entirely effective when the conditions are 
severe. 

At the La Turque development above Shawenegan Falls on the St. 
Maurice River, Quebec, the racks are housed in and coils of strain pipes are 
placed in contact with tlieir projecting tops. This device has practically 
solved the problem at that plant. 

Heating the rack bars by electricity has been practiced to a considerable 
extent in Norway and Sweden, where very extreme cold weather is eiqieii- 
enced. It is said to be more economical and more convenient than steam [21. 

The necessity for heating of racks arises from the exposure of the top 
of the racks to the atmosphere. Accordingly, the designer should strive, in 
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a rold climate, to insure the bubmergence of the racks at all and thus 
m'mmizc the need for beating 

It in deanable to have a 4- to 8-in pipe inserted in the concrete just back 
of the guides in which the rack bars are inserted, as in the more common 
practice in installing gate guides in cold climates. Electric heating piles are 



Fio 16 Section through intake and poweihoime, Claytor hvdroelectnc develop¬ 
ment, Virginia (Fium American Gas and Elcctiic Service Co) 


installed similar to the pile shown for gite guide installations in Fig 12 
By this means the designer insures th it the racks or gates will not be frozen 
in the guides if it should be neeessaiy to lemove them quickly in case of a 
run of frazil ice as in Figs 19 and 20 Figures 16 and 17 show power plants 
pro\ided with sluices for disposing of ice and trssh 
At Grand Coulee Dam, whtre the tnnpeiature foils to 28 degrees Fahren¬ 
heit below zero, inlcnsivo investigations and tests were made by the U. B. 
Bureau of Reclamation to determine the mo«rt desirable methods of de-icing. 
As a result, a s>stem of hcatmg pier plates and seats for drum gates by means 
of electric currents induced in the steel plates themselves makes it possible 
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to use only a relatively low temperature in electric cables and reduces danger 
of overheating the adjacent concrete. 

For heating the bars, either single bars or groups of bars are connected in 
series and the current is passed through them. It has been found that, 



Fia. 17. Arrangement of iire sluice at Plant 3. Deerfield River. (New England 
Power Co.) (From Eng. Record, Vol. 67, p. 153.) 

for bars having a cross-section area of 0.(5 to 1.0 sq in., sufficient- heating is 
obtained with 250 to 300 amperes per bar. In the walls of the intakes and of 
the ice chutes, electrical heating units are sometimes installed to heat the 
concrete surfaces so that ice will not stick to them. 

(g) Bubbler System. Bubbler s.ys1ems that can also be used for the re¬ 
moval of trash from the racks have been found very effective in dealing with 
ice troubles. Compressed air under pressure somewhat greater than enough 
to balance the depth of water is released from a perforated pipe in front of 
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the intake racks. The bubbling air causes the frazil, anchor, and rake ice to 
rise and go over the top of the rack into the sluice box provided for the pur¬ 
pose, from which it can be sluiced to the tuilrace. The proper distance from 
the foot of the racks to the location of the air pipe defends on the velocity 
of the water, as it is essential that the air reach the surface before coming 
in contact with the racks, and also that it reach the surface neur enough 
to the racks for the ice to be drawn into the sluice. 



Fio. 18 Forebay nod baffle walls for ire at Safe Harbor hydroelectric development, 

Pennsylvania. 


At the Rocky River hydroelectric plant in Connecticut, a bubbler system 
lms satisfactorily kept the intake free of ice and trash for the post twenty 
years. The system at the intake is shown in Fig. 21. Compressed air for the 
system (also used in surge tank and air inlet) is furnished by two 7 in. by 
6 in. compressors, each with 15-lip motor and one 9 in. by 8 in. compressor 
with 25-lip motor, discharged into a storage tank at 100-lb pressure per sq’in. 
The air discharges to the pipeline through a pressure-reduction valve that 
limits the pressure in the line to 5 to 10 lb ]>or sq in. as desired. 

It will be noted from Fig, 21 that the intake is not housed. Minimum 
temperatures at the site have lx*en as low as 20 degrees below zero Fahren¬ 
heit. There has been no heating during the twenty years that the plant has 
l>een in sendee, and the bubbler sy&tcm at trash rucks, air inlet, and surge 
tank has kept the plant free from ice troubles. 

An air bubbler system is used also at Grand Coulee f3*l in front of trash 
racks and spillway gates to prevent ice troubles. The depth of water to the 
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Fig 10 Holtwood dt \ « lopinc nt top sidion* of iuks ldivd .if Ur stall of fiazil 
ice run (PcnnsvK uni W itci and Powfi Co ) 




Fig. 20 Frazil ice on tiash lack at &ifc Harbor plant with rack removed from 
slot (Pum&jhdma Water and Power Co,) 
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point at which compressed air is released varies from 10 to 36 ft. Nozzles are 
drilled holes % in. in diameter. There is a total of 1480 Huch nozzles (spill¬ 
way sparing is 12.5 ft, trash-rack sparing 5 ft). The cap.inty of each of the 
%-in. orifices was found to be 2 to 3 cu ft of free air per minute with a dif¬ 
ferential pressure across the nozzle of 2 to 4 lb per sq in. The air branch 
lines are %-in. and 1-in. cupper pipe. The main air lines, 4000 ft long, arc 
4-in. gidvanized-steel pipe, served by four electrically operated compressors, 
with a rapacity of 380 cu ft of free air per minute each at 40 lb per sq in. They 
arc located in the inspection galleries at convenient points. 

(h) Removal of the Racks. At the Holt wood and Safe Harbor plants on 
the Susquehanna River, the Cedar Rapids phint cm the St. Lawrence, and a 
number of other developments where then* is no provision for preventing 
frazil and anchor icc from adhering to the racks, the upper sections of tlic 
racks arc removed when ice Marls to run. (Hoe Figs. 10, 20, 15, and 18.) 
At the Cedar Rapids plant in Canada, tile upper half of the racks in each 
bay is made in one section, to be readily removed. TNuallj little or no 
debris is present in the water when anchor and frazil ice is running, and the 
removal of the racks has caused no inconvenience or damage from that 
source. (See also Section 9.) 

7. Velocities through Gates. The authors recommend that the veloci¬ 
ties through gates in intakes l>c not greater than that given by the follow¬ 
ing formula, and that even for very high heads they be limited to 25 ft per 
second. 

v — 0.12\/2 gh 

in which r = average velocity through wide-open gate; 

h = head from center line of gate to normal water surface. 

Thus for a 20-ft head the above criterion requires that the velocity 
through the gate should not exceed 4.2 ft per second Similarly, for a (iU-ft 
head, it should not exceed 7.8 ft per second; for a 150-ft hrmi, 11.8 ft per 
second; anil for a 400-ft head, 19.3 ft per second. 

For successful operation, the velocity through the gate*, for a given maxi¬ 
mum discharge, may vary between wile limits. However, as the higher 
velocities result in lower gate cost but greater eddy loss and less power out¬ 
put, there is usually one size of gate that will make for the greatest economy 
of design. Figure 22 gives permissible velocities through intake pi ten based on 
the above formula. 

Velocities through the gates at full load vary in different developments from 
2 to 19 ft per second, depending on the head on the development, the shape 
of the load curve, and the design of Ihe gale, among other factors, lligh- 
head developments permit high gate velocities, os the percentage of head loss 
is relatively small. It is evident that markets having a peak demand of very 
short duration will permit higher full-load velocities than those for which 
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the peak demand is of long duration. Common velocities are 2 to 4 ft per 
second in very low-bead plants, 4 to 7 ft per second in medium-head plants, 
and 7 to 20 ft per second in very high-head plants. 



8. Intake Structures. As explained in Section 1, uiiakcs are divided into 
two mu in types, with no clearly delinerl line of deniarkatinn. The essential 
requirements of tile two ty]>es are the same, but tlie details and t>pe of 
equipment may >>e radically different on ucrount of the differences between 
the depths u f water m which they must he operated. 

When high-presMire intakes are used in conjunction wnth an earth or rock- 
fill dam, the .structure usually takes the form of an isolated tower and the 
details of the structure are radically different from those of a low-pressure 
intake. 

In low T -prehsurr intakes, where there is considerable danger of complete 
and sudden plugging of the racks with ice or trash, it is customary to design 
all portions of the intake for complete stoppage of flow’ through the racks. 
In Mich cast's the corresponding hydrostatic pressure on the racks, walls, and 
other portions of the structure is known so e\actl\ and occurs so seldom that 
a relatively high unit stress may he list'd in the design. Reasonable working 
stresses are 25,(X)Q lb per sq in. in the structural steel, and more than 
the usual wwking stresses in reinforced concrete. 

For low-head development in warm climates, if the run of trash is very 
small, a maximum drop of water surface at the racks of 5 or 0 ft is a rea¬ 
sonable assumption, provided that the inlake is not too isolated and that the 
installation is so important that only find-class, oxiierienced operators are in 
charge. Under such circumstances, a greater drop at the racks would lie the 
result of many weeks of neglect and w’ould alw r ays be observed and cor¬ 
rected to prevent the corresponding loss of pmver. 

As the depth of rack increases, the danger of complete stoppage of the 
flow becomes more rrmote. Thus, for high-pressure intakes at the outlet 
of a large reservoir, the amount of trash reaching the intake may lie negli- 



558 


INTAKES 


[Chap. 271 


gible, and the water is drawn out of the reservoir so slowly that only the 
part of the racks near water surface could become plugged with ice. There¬ 
fore, only the lower portion of the structure need l>e designed for lull stoppage 
when water surface is low, the reservoir small, and the danger from ice and 
trash correspondingly great. 

The strength of the walls, buttresses, und other parts of the intake struc¬ 
ture should be designed for all possible conditions of operation and unwatcr- 
ing for repairs. If the intake is divided into bays, each commanding a sepa¬ 
rate unit, as in Fig. 6, it is possible for only one unit to be running, the rack 
of that unit to become plugged, and the walls between that unit and the 
adjacent ones to be subject to full water pressure. Each unit should be 
investigated for stresses due to water pressure when either all or only a part 
of it is unwaterod by the closure of gales or by I he installation of stoplogs. 

Further details of the two tyi>cs of intakes are desenlied in succeeding 
sections. 

0. Low-pressure Intakes, (a) General. Details of low-pressure intakes 
vary greatly according to the requirements and the preference of the de¬ 
signer. Typieid examples are shown in Figs. 15, 10, and 38 and Fig. 33 of 
Chapter 38. 

The raking platform should be placed as close to water surface as possible: 
for this reason, it is frequently onl\ slightly above ordinary high-water sur¬ 
face, with the main wall earned well above maximum flood elevation. 

Low-pressure intakes frequently perform the functions of a dam and 
should be designed in accordance with the theory of the stability of darns. 
Full uplift must be considered on the top of the conduit lielow the gates, 
unless the top and bottom of the conduit are tied together with steel rein¬ 
forcements, as they frequently are. 

Usually a stoplog groove is located close to the upstream side of the gales 
to enable unwatering of the gates for inspection and repairs. The necessity 
for unwatering the rack supports is usually considered very remote, and only 
in isolated crspr are sloping grooves placed upstream from the racks. How¬ 
ever, the walls belwoen the bays are frequently allowed to project beyond ihe 
racks to provide a scat for an inclined bulkhead in case unwatering should 
become necessary. 

(b) Setting Gates. If the seats for the gates are imbedded in the main 
portion of the concrete, it is very difficult to set them accurately. When 
accurate alinement of the seats is required, recesses are frequently left in the 
concrete, the seats are grouted in after the gate is set in position, and the 
gate and seats are held in contact to accurate position. 

(c) Air Inlets. Air inlets are necessary in all intakes for closed conduits, 
as is more fully discussed in Section 31. These are provided by means of a 
vertical shaft in the concrete l>clow r the gates. Rueli shafts should be equipped 
with ladders to give access to the conduit at that point. Special requirements 
of air inlets at intakes, particularly in regard to the prevention of freezing, 
are explained in Sectiou 31. 
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{d) Housing. The desirability of a superstructure or housing on the in¬ 
take depends on climatic anil other conditions and on the type of Rate hoist 
provided. In very eold climates a sui>eretructure to protect the rack tenders 
is advisable if much raking is necessary. The sui>er&lruclurc frequently 
extends over the racks, and a curtain wall extending IjcIow water surface is 
provided, a* shown in Fir. 15. This arrangement seals the interior from the 
outside air. 



If the racks are allowed to project above water surface and the air within 
the ^upep'lrurture is kept warm, the transmission of heat down the, rack 
bars may reduce tin 1 amount of anchor ice which will cling to the racks. A 
healed superstructure will present the formation of surface ice at. the gates. 
(See Section 6j 

(c) Intake Crane. In some instances, where an intake superstructure-has 
been provided, an ordinary pow erhouse traveling crane lias handled both the 
gates and the racks. In the absence of a superstructure, a gantry crane has 
been used. For large plants it is often considered nccessury to have indi¬ 
vidual hoist* for each gate. 

(/) lev Sluice. When much trash and cake ice must be taken care of, it 
is of considerable assistance to the rack lenders to provide a sluice over the 
trash rucks to carry it away. Such an arrangement, shown in Figs. 16 and 
17 and Fig 33 of Chapter US, consists of a sluice, one side of which is a weir 
at the top of the 1 racks The* water cun be allowed to pass over this and 
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carry with it the floating icc and trash, os well as the ice and trash removed 
from the racks. The sluice discharges below the dam. The elevation of the 
crest of the weir in some installations can be adjusted by means of stoplogs 
in order to regulate the depth of overflow. 

During periods of abundant river discharge the water is allowed to pass 
over the weir continuously; but, os the capacity of the sluice is limited, the 
crest of the weir must be adjusted to the elevation of headwater surface in 
order to prevent choking of the sluice with water. For operation to be most 
effective, there must be a decided drop at the weir, and the chsrhurgc must 
be limited so that backwater in the sluice will not submerge the weir. 

During periods of low river discharge, when there is little trash or ice to 
dispose of, the stoplogs on the weir are extended above headwater surface, 
thus stopping the flow u\ er the weir. The trash is then raked over the stop- 
logs into the sluice and flushed out at intervals by the opening of a gate at the 
lower end of the sluice. 

The tJuice should be made as deep and wide as the type of intake will 
allow. Considerable width is required particularly if large blocks of cake ice 
arc to be disposed of. The rakmg platform should lie cantilevered out, ab 
indicated in the illustrations, to avoid the necessity of other supports that 
would prevent the cake ice from poshing into the sluice. The stoplogs at the 
Deferiet weir are held between removable I beams resting on the permanent 
weir crest and supported at the tnp against the raking platform. 

(y) Contents of Intakes. The cost of the mlake is frequently a very small 
portion of the total expense of the project, and so preliminary estimates are 
frequently made without the aid of a detailed design of the intake. For these 
circumstances Fig. 0 was prqiared for this book by F. H. Burnette. It 
gives approximate quantities of materials in one type of intake for various 
discharge capacities and drawdown of pond. The designs upon which the 
quantities of Fig. 6 an 1 based are as follows: 


Elevation of top of intuke 
Velocity in pijx? 

Velocity at rucks (average drawdown) 
Velocity at racks (maximum drawdown) 


6 ft. above crest of dam 
8 fl per second 
1.75 ft per second* 
2.00 ft per second* 


The quantities shown in Fig. (i are for one unit of the intake. For N units, 
multiply the quantities by N and then add the following: 


For concrete: 2 ft on each end to make end walls 4 ft thick. 

For reinforcing steel: % of that given for one unit. 

For racks and supports: no addition. 

All concrete for necessary wing walls and for foundations below that indi¬ 
cated should also lie added. Quantities shoidd be altered for differences be¬ 
tween assumptions and actual conditions, particular attention being paid to 
the elevation of the top of intake above the crest of dam, which may not 
correspond to actual floodwaler elevation. 

* Whichever requires the forger area of racks. 
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Quantities of steel in racks and supports are based on full stoppage of flow 
by rack plugging and a stress of 20,000 lb per sq in. under such conditions. 
The racks are 3 by % in. spaced 3 in. centers. 

10. High-pressure Intakes. High-pressure intakes can be built in a 
variety of forms. If a dam is of concrete, the details of the intake differ 
very little from those of the low-pressure intake descrilted in Section 9, 
except in the type of gale. If the dam is an earth or rock-fill structure, thr 
intake usually takes the form of a tower located near the foot of the up¬ 
stream slope, although hpocial types of intakes have sometimes Itcen used in 
shafts of outlet tunnels. Typical modem high-pressure tower intakes are 
shown in Figs. 40, 41, 42, and 43. 

Tower intakes should he sufficiently Rtable to resisl ice thrust, wind pressure 
when the pond is empty, and, in some locations, the shock of earthquakes. 

It is unfortunate that no accurate data are available on the probable +hrust 
of iee. A general discussion of ice thrust on dams is given in Engmcrriny for 
Dams; * but it is very improbable that many existing tower intakes could 
successfully withstand ice thrust of the magnitude used in the design of some 
dams. It is therefore necessary to compare the proposed design with the 
dimensions of existing intakes of about the same height under similar ice 
conditions. 

Tlie Davis Bridge intake, shown in Fig. 42, has two gates in the bottom of 
the tower, inclosed in a cast-iron section of the conduit which excludes the 
water from the interior of the tower. leakage, in towers of this type, should 
be drained to n point lielow the dam. There should always be at least two 
gates, and provision should lie made so that one can he hulkhended off for 
inspection or repairs while the flow for the turbines is being passed through 
ihe other. Thin feature was inrorpornted in the Davis Bridge intake. 

A bridge is frequently installed between the dam and the tower to permit 
easy access and the replacement of apparatus. Housing is usually provided 
on top of the tower in cold climales. If the apparatus in the intake is heavy, 
supports for a crane or chain block arc advisable for lifting tlie apparatus 
out of the interior of the tower. 

Much of tlie discussion of details of low-pressure intakes in the preceding 
section applies equally to high-pressure intake design. 

11. Intake Gates. Data for estimating the weight of various types and 
size* of gates will lie found in Chapter 26. Intake gates and valves are readily 
divided into the following classes: 

(o) Sliding gates Those that slide directly on their seats without the interpo¬ 
sition of rollers. They are made of various materials but are all of the same 
gvneial design (See Figs. 23, 24, 25, 26, and 32) 

[b) Wheeled or tractor gales. The pressure is taken by wheels attached to the 
gate. The wheels may or may not be toller bearings. (See Figs. 26, 27, 28, and 
33.) 

* By William P. Creager, Joel D. Justin, and Julian Hinds, John Wiley & Sons, 
New York, 1045. 
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Section A-A Looking downstream 



Horizontal section B-B 
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(r) Strinry gates. Tlir pressure from the gale is taken by trains of rollers 
attached neither to the gate uor guides. (See Figs. 30 and 31.) 

W) Caterpillar gates. The pressure from the gates is token hy an endless chain 
of rollers. (See Figs. 29 and 43.) 

(?) Tmntor gates, which revolve about a spindle through the one extremity of 
the gate. Intake gates of this tyjie are shown in Fig. 39. 

(/) Butterfly valves. (See Figs. 34, 35, 36, 37, 33, and 42.) 

(g) Cylinder gales (see Figs. 40, 41, and 43). 

The typo of gate to bo adopted depends mainly on the size of the open¬ 
ing, the head on Ihe gate, and the o]uniting conditions, which will correspond 
to either of the following: 

1. The gate must open and close against full operating head with free dis¬ 
charge through the intake. 

2. The gate is required to operate only after the conduit is filled through 
a small auxiliary filler gate and the head on the gate reduced to a small part 
of the total head. 

dates controlling long pipelines are usually of the fiist operating condition 
so that they can lie closed readily in the event of a break in the pipe or tur¬ 
bine casing. They are frequently equipped with motors operated from the 
powerhouse Gates for low-head plants and short, pipelines are more fre¬ 
quently of the second, or filler-gate, cla^s. A moie detailed description of the 
design and operation of filler gates will be found in the next section. 

For low-pres.su rr intakes, plain .-lido gates, wheeled gale*, caterpillar gates, 
sloney gates, and taint or gates are generally used. For high-pressure intakes, 
caterpillar gates, butterfly valve-, and cylinder gates are generally employed. 

Wheeled gates Htonoy gates, caterpillar gales, and taint or gates serve also 
a-i spillway crest gales. 

Whether one or more gates arc used to control a single open or closed con¬ 
duit is pinch* a matter of relative economy, and, in many instances, a nuin- 
lier of different layouts must be investigated before the most economical 
arrangement can be decided on. 

No standard sot of rules can be given to fix the type of gate most adaptable 
to given conditions. In general, that type is adopted which, for desired 
o]HTating conditions and grade of apparatus, can be installed for the least 
cost. 

But 1 erfly valves or needle valves are frequently adopted for high-pressure 
duty; needle valves are preferable for extremely high heads. 

12. Sliding Gates, (a) (7 moral. This term generally includes all verti¬ 
cal-lift gates. Sliding gate* are usually built of wood, of structural steel, or, 
if small, of cast iron or cast steel. Small gates are frequently bronze- 
mounted, although there is little necessity for their being so unless they are 
to be kept closed for long periods. The larger steel gates are not usuully 
bronze-mounted, although these and even some wooden gates have bronze 
strips to reduce the friction. 

Sliding gates, in rmnmon with all types that hare a continuous bearing 
under compression all around the opening, provide the minimum of leakage. 
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Sliding gates have been used extensively for various heads, up to a hoist 
eapaeity of about 35 tons. They aie usually the most economical type for 
low pressures and moderate sizes However, they require a greater foree 
to operate them than any other t\pc. Consequently, for large sizes and 
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controlling a passageway thit connects with Ihc conduit Fillei gates arc 
used to till the conduit behind llic mam gate, aid thin thc^ tend to equalize 
the wain pressure liehind and in fioni oi the main gate so th.it the capacity 
of the lioM foi the main gate cm Ik? inmniiized (See Fig 2a ) 

Al the Conowingo plant, the intike gites aie 27-ft-diameter butterfly 
valves (sec Fig 36, and Fig 11, Cliaptci 30), located at the entiance lo the 



1 it. 31 Means nf ugiililmg ti i\i 1 ol stem\-gMi inlli i li uus 


scioll c isf Steel stuping gites which constitute multiset lion pi un slide gates 
ue located in fioul ol the buttufhes II tin bl op logs ate in pi ice, (he scioll 
case iln, ind it is desmd to put the unit in semie, the butteilly \al\e is 
fust opened, then Ihe top 3- oi 1-11 sottion oi sfccl Copings is n moved, and 
lieadwitcr is ill owed to ^pill ovei until the scioll ca-i is lull Mid the prevent 
equalized ITie remaining sections oi the sioplugs oi plain slide gate aie then 
leadilv n moved Thus this an alignment takes the plate oi a ‘‘filler gate ’’ 

It is fruiuenth assumed that the filler gate niu-t be designed to pennit 
the closing ol the mini gate under a leakige equivalent to (lit 1 flow through 
two of the luibine gates Thus, lJ the turbine In* 20 wirket gites and the 
discharge of the turbine at in lMinum operating he id is 1000 sec-lt, then the 
letk'ige under winch the mini gite iniisi be able to close should be ]()0 scc-ft 
and the capacity ot the filler gale should e\cced 100 sre-it at this he id A 
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smaller leakage is usu dh assumed for Ike opining condition, as, before the 
intake Rites nre opened, the tuibine gates die accessible for temiKirary or 



hi(. 32 AnangiUKnt of int ihc gitcs 1 uks indcime t*untu*\die di\dopinent 
Cliumv^c A .die\ AuthmiU ) 

permanent tepuis In sonic c i^es, theiefoie, the limn Rite his been hea\U> 
weighted with comic to on the theory that the weight will assist closure and, 
with less leikige the head against which the gate must open will 1*0 leb^ 
thin tint toi closuie 
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There are two objections to filler gates: 

1. The main gate cannot l)e closed if the leakage is greater than anticipated, 
and it is then necessary to place stnplogs or some other emergency moans of 
stopping the flow, at a considerable expense and loss of time. 

2. If the conduit is long, the filler gate, being small, will not fill the conduit 
quickly. 

For these reasons, filler gates are seldom URed in modem developments 
having long conduits. They are frequently employed, however, in very low- 
henil plants with short conduits, particularly if they control the opening to a 
concrete spiral case turbine, where the danger of excessive leakage, except 
through the turbine, is practically nonexistent. 

(r) Timber Sliding Gates. Timber gates are considered less permanent 
than steel gates, particularly if they are only partly submerged in the open 
position. However, as they are very easily replaced and the first cost is much 
less for gates of moderate size under low heails, they are frequently used. 

In the East the most popular wood for timber gates is longleaf yellow pine. 
The western states furnish Douglas fir and California redwood. Shortleaf 
yellow pine, white pine, ami white oak have also been used extensively. 

The thickness of gale limbers can be proportioned according to tbe usual 
rules of timber design. The Iwaring pressure must be limited to that which 
will not c:ui«*e brooming under friction. In general it should be limited to 100 
lb per sq in. for softwood* and to 300 lb poT Fq in. for hardwoods such as 
white oak. 

Figure 23 shows details of a typical wooden gate with steel screw stem. 
Wooden gates are often limit with timlier stems They frequently are pro¬ 
vided with splines for tightness and have stiffening planks bolted or spiked 
to them. The stem* are always bolted to the gates. To prevent the upper 
and lower timliers from loosening, it is customary to bolt together the first 
few timbers with a vertical throughbolt, and sometimes «uch bolts are con¬ 
tinuous from the top to the bottom of the gate, as in Fig. 23, 

13. Wheeled Gates. Gates of this type (shown in Figs. 26, 27, 28 ard 
33) arc variously called tractor gates, rollor-beaiing gales, and trunnion 
gates. Their distinguishing characteristic is that the water pressure against 
the gate is carried on wheels attached to the gate. It is an excellent form 
of gate, but the sealing problem is usually more difficult than with some other 
forms such as caterpillar gates, butterfly valves, and cylinder gates. 

14. Caterpillar Gates. Thebe are among the most satisfactory forms of 
head gates. With the gates in adjustment and closed, the leakage may be 
made insignificant. They are, therefore, in demand for plants in which the 
leakage of water with the unit dosed down is a material item of cost. 

A caterpillar gate or brooine gate, a* it is sometimes called after the engi¬ 
neer who invented it, as shown in Fig. 29. Thi* type is used for both high- 
pressure and low-pressure intakes. It has been employed under heads as 
high as 200 ft and on many hydroelectric and flood control developments. 
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Each side of the 1 gate is equip]HMl with n continuous chain of “caterpillar 
rollers" which runs on a vertical scat in a slot in the intake piers and travels 
around the gate as it is raised or lowered. The chain eliminates friction to a 
very large extent and allows the gate to lower solely by its own weight under 
free discharge of the opening. Therefore, the drum type of hoist, described 
in Section 26, is generally used for the operation of caterpillar gates. 

The chain consists of a series of stiH 1 ! rollers about 4 in. in diameter and 
spaced about 5 in. center to cenlcr. The links of the chain an* of steel and 
aro separated from each other and from the steel rollers by bronze washers. 
The link pins are of bronze, so that there is no frictional contact of steel ou 
steel, which might corrode and interfere with proper operation. The chain 
inns on a ra«t-iron track fastened to the gate. 

Besides the method of movement, another feature 1 of I he caterpillar gate 
is the inclined seat. The motion of the gate is vertical. The 1 sealing surface 
eif the gate on the sieles is inehneel at about % in. horizontal to 1 ft vertical. 
When the inclined seating surface at the sides of the gate comes in routacl 
with the corresponding inclined seating snrfae'C of the frame, the gate is 
closed and there is no further movement, a* no sliding on the seat of the 
frame occurs in a properly adjusted gate. A very nice adjustment is re¬ 
quited in order to eliminate any sliding or wedging when these two machined 
seating surface 1 * come together. This is nccoinpllulled by two large adjust¬ 
ing screws set in the lower 1 beam. Once the adjustment is properly made, 
there should Ik 1 no trouble from wedging of the scats. There is very little 
leakage through this type of gate. The gates are manufactured under the 
Broome patents by Philips and Davies of Kenton, Ohio. 

For the force required to operate caterpillar gates, see Section 26. 

15. Stoney Gates. Stoncy gates ha\e been frequently and Micee-sfully 
Used for head gates in low-pressure intakes as well as for flood gates. They 
are structural-steel lid gates that bear on trims of rollers working in the 
guides. The roller trains, which are not connected to the gate al all, urn-ast 
merely of a large number of hard-steel rollers held together in a light Mecl 
framework. As the gate i- raised it actually rolls on the rolleis (if jiressure is 
buck of the gale). When the gate is coming up, the train ot rollers miivis up 
also, but only half ad fast as the gate. A typical example of the stoney gate 
is found in the Yadkin Falls development (see Fig. )>()). 

The stoncy gate id capable of lowering solely by its own w'cight under 
free discharge of the opening. Therefore, the drum type of hoist generally 
is iwed for its operation. Al Yadkin Falls, however, the screw 7 stem type of 
hoist was adopted. 

A satisfactory way to secure the roller chain is to attach a wire rope to the 
underside of the operating bridge and pass it undei a sheave on the roller 
train, then up to a bracket on the top of the gate itself. Figure dl makes 
clear the means of regulating travel fur the stoney-gate roller trains. Meth¬ 
ods of scaling stoney gates are discussed in Section 19. 
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16. Taintor Gates. Sector gate**, usually referred to as tain tor gates 
after Captain Taintor, the imentor, are often adaptable as head gates and 
have frequently served a&> such. Taintor head gates are shown in Fig. 30. 

They are usually made of steel throughout or steel with wooden facing. 
This tyjie of gate is most mutable where the fluctuations of water surface 
are so limited that the top of the gate is at all times at or aliove water sur¬ 
face. Tliev have been used, howiwer, where water surface is above the top 
of the gato. 



Fki 34 Dow \.live (H. Moigan Smith Co., York Fa, and Cofhn Valve Co., 

XepflUM t, Milbh ) 

Taintor gates, when suhineigcd, are liaid to keep watertight, both at the 
top of the submerged gate and at the lower corners. The only objections 
to them are this difficulty and the space they occupy horizontally. But, 
with pinjier attention to design, installation, and maintenance of scalr, the> 
can be kept just as light as any other typo of gate. 

The gales are true sectors of a circle, and the waiter pressure, therefore, 
parses through the pivot. Consequently, they are capable of dosing under 
free discharge by their own weight, and the drum type of hoist is used to 
operate them. 

In the taintor gate, the damming surface is a section of a cylinder that 
is arranged to rotate about a fixed horizontal axis and is generally concentric 
with it. Its merit lies in its mechanical simplicity. The load is carried on 
two bearings, one nt each end of the gate on the axis. The bearings are 
mounted on piers located at approximate intervals on the crest. 
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Taintor gates are usually raised by means of cables or chains acting simul¬ 
taneously at both ends. Since the angular travel in the bearings is small 



Elevation 

Fio. 35. Butterfly valve, Tygurt Dam, Grafton, W. Va. (IT, S. Engineer Office, 

Pittsburgh, Pa.) 

when the gate is raised from the closed to opened position, the work done in 
overcoming the frictional resistance is small. 

17. Butterfly Valves. A butterfly valve may be used as a head gate, ns 
in Figs. 36 and 38, or it may be used in a conduit on penstock near the 
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entrance to the scroll case. Examples of butterfly valves are shown in Figs. 
34, 35, 30, 37, 38, and 42. 



Tiu 3b 27-ft dianiotei bulteiflv valve at hcvd of scroll case Conowingo hydro¬ 
pic* trie development MitiyKind (Flulidelplna Electric* Co) 


Wlicie pioinpt iva liability ib required when the unit is shut down and 
where lcihigc oi witei during unil -hutilown at» a high value, the installa¬ 
tion of bulteiflv v d\es near the entiame to srioll rases ib econonueally 



4 27 '- 0 * diam. butterfly valva 

(clDMd) 

Fio 37 8p< (ion showing nihbpr hosp Ural on 27-ft bultpiflv valvp, Conowmgo 

hvdroclectuc development 

justifiible Butterfly valves mil be made tight On the other hand, if one 
is compelled to depend on wicket gates for units that may be required to go 
mto service at anv time, the leakage, even with good maintenance, may be 5% 
of the peak-load discharge of the unit. 
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Butterfly valves are adapted for use under both high and low heads. 
Small butterfly valves are used only under quite high heads; but structural- 
steel butterfly valves as large as 27 ft in diameter have been developed for 
use under all heads to 100 ft. 

At the Conowingo plant, Maryland, the 27-ft-diaineter butterfly valves 
(Figs. 36, 37, and Fig. 11, Chapter 36) normally act as head gates at the 
entrance to the steel scroll of each of the seven 54,000-hp turbines. These 



Fio. 38. A 16 x 22 ft butterfly valve, Saguenay River development, Quebec De¬ 
velopment Co., Ltd. {Eng. News-Rcc., Vol. 93, p. 704.) 

were the largest existing butterfly gates in 1947. There are also sectionalized 
steel stoplogs or plain sliding gates ahead of the butterfly gates, but leakage 
is relatively large for such head gates, and the speed of operation with a 
traveling gantry crane is slow. In fact, it may require 4.5 minutes or more 
to raise the two head gates of a single unit. Oti the other hand, the butterfly 
gates can be opened in 5 minutes under full head with the scroll case empty 
and the unit in service. With scroll case full of water and unit. at. rest, the 
unit can be placed in service in 1 minute or less. 

Leakage through the valve, when closed, is controlled by a rubber seal 
around the periphery of the valve leaf, a distance of approximately 85 ft. 
The seal consists of a 3-in. rubber tube set in the valve housing, as shown in 
Fig. 37. When the valve is in the closed position, this tube is inflated with 
water under 70-lb pressure and caused to press against the brass strip around 
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the periphery of the valve leaf. Tests of this method of sealing show* th a t the 
leakage under normal head renditions is about 0.5 ru ft per second. 

The valves are of the vertiral pivot shaft type, and the entire weight of 
approximately 126 tons, consisting of wicket, shaft, and operating lever, is 
earned on a roller-type thrust bearing located below the valve. The operat¬ 
ing mechanism consists of an oil cylinder, located above the valve, with 
necessary levers. Interlocks arc provided to prevent the inflation of the 
sealing hose except when the valv* is m the closed jKwition, together with 
deviees for locking the valves when either open or closed. The butterfly- 
valve bearing is lubricated by forced grease, and it is necessary to have the 
valve in motion during lubrication. A control stand for each unit contains 
the various pressure and indicating dials and instruments as well as the 
control interlocks and levers for operation of the valve. This stiunl ir lo¬ 
cated on an elevation 46 ft, on the same level ns the governors. (See Fig. 11, 
Chapter JMi.) The installation has given Mitisfartion since lt*2S, and only 
one ho^e seal out of seven has been renewed in this period. 

An interesting design of a butterfly valve i«* the disk-arm type (Dow), 
^how v n in Fig. 34, in which the operating lever is attached directly to the 
lower half of the leaf hi that the closing force is exerted right at the point 
where there if the tendency for the greatest deflection. 

Butterfly valves can be operated either by a hydraulic cylinder or by a 
s^tem of redudion gearing driven bv a hand wheel or motor or a small 
water turbine. The hand- and motor-operated mechanism is used for most 
medium- anti low-head installations; under relatively higher head, where the 
pressure is sufficient and the cylinder area can lie reduced to an economieal 
‘ize, the hydraulically operated mechanism lias many advantages, as water 
1 ressure is always ti\ tillable in n powerhouse while electric current is not, 
and as some 5 to 10 minutes may be needed to close n large valve by hand 
if the electric current fails. Hydraulic-operated cylinders should be bronze- 
lined to prevent rusting, and the cylinder area should l>c sufficient to meet 
all conditions. Oil pressure in the cylinder is preferable. The valve may 
tend to stick in the closed position if it has been wedged tightly shut and 
held closed for a long time. A pa Under should 1>e designed to meet this 
condition. The motor-operated mechanism is readily adapled to remote 
control; that is, the conlrol switches for opening and closing the valve ran 
be adjacent to the valve, at the switchboard, or at any distant point, but 
limit switches should bo carefully adjusted to stop the motor when the 
valve reaches the full open or closed position. Care should be taken to pre¬ 
vent the valve from jamming when it reaches the closed position. Fre¬ 
quently, indicating lights are provided to inform the operator at the switdi- 
bonrd of the position of the valve. Two lights should lie sufficient, one for 
open and one for closed position, as there should be no need to use a valve 
in the partly open position. 

Usually tiie pivot shaft is extended on 1x>th ends of the housing so that 
there is no end thrust on the shaft, anil a readily adjustable stuffing box 
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should be provided at eich end The tnuimons shoidd hi\o renew ible bush¬ 
ings, ind some provision should hr inulc for iomng gu ise into these bear¬ 
ing Bvpis* \ lives ire usuill^ provided on the lnger bizes, but they die 



not necessity ioi me ilium lie ids is if is m ( is> 111 ittc r to open thise v dves 
i slight iniount PI nits with long penstocks usualh hive some iorm of valve 
at the lovvei end ot the penstock whne it connects with the tuibnu rising, 
and irequentlv inothir vilve is lor ited it thf upfiei end of the pipeline 
These upper valves sometimes take the place of the head Rites 
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18. Cylinder Gates. A cylinder gate consist b of a steel cylinder open 
at tilt top and bottom and haying balinced water picture on the inside or 
outside surfaces They aie made m a variety of forms! of which those in 
Fig 40 aie eximplcs 

Sketch A shows a cylinder gate with water pressure on the outbide The 
gtte can be lifted by table or light berew-stera hoist, as the water pressure is 
completely balinced and the only force to be oyercome is the weight of the 
gate The bottom of the cylinder icstp on the seit X end when the gate 



Match c 


T n 40 Di igr mini it if sketches of rahnder-gatc mtikes 


is lifted the w tie i passes through tondiut Y The sill at X is usutlh a hetyy 
iron c Ming ])io\id(d with sods (lites of thi« type are shown in Fig 41 

Difhmlty is usudh ixpuiinced m miking this type ol cylinder gite tight 
it Z ind fin this rt ison tin cylinder is sonu times extended to water surf ice, 
is indie ited in Sketch B 

In Sketch (' the w iter pressure is on the inside of the cylinder, thprebv 
eliimmling the necessity of inside sliffcneis The water pisses through the 
pissiges AI ind A by wji of tlie dumber L 

19 Gate Seals Figure 40 diows the most common tables of gate seals 
Direct uiitillic coutlets like those in Fig Met require accurite woikmanship 
and liny sutler tioin ihnsion whtie the water cames suid or silt The 
pouicd babbitt nut il soil shown m Fig 4(i b presents a con\ement method of 
pioMcling a close-tilting mrtillic contact Wood contict surfaces, as bhown 
in Fig 4bc ind 4(>rf give good semce if they are not allowed to dry out 
Flexible rubbei selling dry ices, as illustrated in Figs 46e, /, and g are some¬ 
times uhled to the bottom ot contictb of gates to secure greater water- 
tightness A rubbei hose seal that has giypn satisfaction for a butterfly gate 
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is discussed in Section 17 and shown in Fig 37. Side Reals arc usually of 
the flexible type. Figs. 46A, i, j , m, and n show typical rubber seals. The 
flexible plates with wood contact*, like tho*e in Fig 40k are used where 



Fig 41. Sixtrcn-foot cylinder gale for Dix River Dam. (Eng. rit>w*-Rcc., Vol 

04. p. 1059.) 

operating conditions are severe. Flexible bronze seals in Fig. 46 !, are also 
satisfactory. 

Steel pipe, wooden needles, rubber hose, and Mnmla rope are sometimes 
used as temporary or occasional seals. Rublier belting makes a very respec¬ 
table hide seal for taintor and stoncy gates (see Fig. 46h). 
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The Yadkin Falls gates wore made tight od the sides, as shown in Fir. 44, 
by means oi rablier belting fastened on the side* of the gate and turned 
through an angle of 90 degrees so that it rubs along the face of the intake 
pier just upstream from the guideR or, better >ct, along the face of a channel 



or angle set in the concrete, as in Fig. 4G/». Five-ply best-quality rubber 
belting should lie used for this puipose. The licit should lie held to the face 
of the gate by a %-in by 2- or 3-in strip of flat bteel, which is la stoned to 
the face with the licit, between it nnd the face of the gate, by means of about 
%-in bolts spaced about 6 m. center to center. 

The bottom ol the gate is often made watertight by scribing to the sill a 
timber set in the bottom of the gate as in Fig. 46d A more effective means 
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iis a rubber hose inserted in a recess in the timber about one half the depth 
of the outside diameter of the hose, as shown in Figs. 45 and 46g. The hose 
is ordinary garden hose of 1-in. diameter. One-quarter-inch bolts with an 
eye at one end are put through the buffer timber on the bottom of the gate. 
The upper end of each of these bolts is threaded and fitted with a nut. At the 
lower end the eye is allowed to project into the recess in the timber men¬ 
tioned above. These bolts are spaced about 6 in. center to center. Then 





Typical section through bottom seal 

Fig. 47. Sealing device on head gates of Chickamauga hydro plant. (Tennessee 

Valley Authority.) 


slots are cut in the upper part of the hose, and the hose is inserted in the 
recess in the timber so that the eyes of the bolts project through the slots in 
the hose. A V\- or %-in. rod is then run through the hose and through the 
eyes of the bolts. Then the nuts on the other ends of the bolts are tightened, 
thus securing the hose in position. The gate sill should consist of a channel 
or timber set in the concrete and carefully trued and leveled. If care is exer¬ 
cised in the work, this detail will secure an almost perfectly tight seal at the 
bottom of the gate. It is applicable also to taintor gates and slide gates. 

Figure 47 shows the rubber-sealing device used on head gates of the Chicka¬ 
mauga plant of the Tennessee Valley Authority. 

20. Force Required to Operate Gates, (a) Sliding Gates. The force 
required to lift a sliding gate is equal to the frictional resistance of the water 
pressure on the gate plus the weight of the gate. The force required to lower 
a sliding gate iB equal to the friction less the weight of the gate. Starting 
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friction rather than moving friction determines the operating force. In gome 
cases, additional lifting force is necessary for accumulation of ice or silt or 
for the weight of overflowing water. 

The bearing friction is generally proportional to the water load on the face 
of the gate and is dependent on the type of bearing upon which the water 
load is supported. 

Let F — the force required to operate the gate, in pounds; 

A *= the gross area of the gaU, in square feet; 

H = tlie head, in feet, from water surface to the center of A; 

K = the coefficient of static friction; and 

W — the weight of the gate, in pounds, corrected for submergence. 

Then, to ojxmi the gate, 

F = 62.5 HAK + W 

and to close the gate, 

F = 02.5 HAK - W 

These equations apply to sliding gates used without filler gates. A filler 
may materially reduce the friction that must l>e allowed for. 

In plain sliding gates, the coefficient of friction depends on the materials 
in sliding contact and the condition of their oiirfnceb. When the same or 
similar metals are used for both the sliding and fixed surfaces, the surfaces 
.ire likelv to seize when operated in sliding contact. Ferrous metals subject 
to ru^t nun develop excessive friction due to the accumulation of rust or 
pitting where they an* exposed to alternate wetting and drying. Recom¬ 
mended allowanees for the* coefficient of static friction between well-finished 
"lean surfaces of commonly used materials are gi\en in Table 2. Dry sur- 

TABLE 2 

Recommeni>ki> \ii1ajwa_n pKrt for K CoKFFinENT of Static Friction for Smooth- 
PlNlhllKl) Dry Sl'RPACl&B 


Steel on hi eel 

0 6 

Wood on metal 

1 00 

Si eel on cast iron 

0.6 

Wood on wood 

1 10 

Steel on bronze 

0.45 

Rubber on molal 

1.10 

Bronze on bronze 

0.45 




faces are considered in the table, -mce the lubricating effort of water is prob¬ 
lematical where two surfaces .are squeezed together tightly. 

Sloney gates, caterpillar gates, and fixed roller gates all rest on some form 
of roller liearing, and the primary resistance to their movement is rolling 
friction. The coefficient of rolling friction is low and would not exceed 0.005 
with reasonably good workmanship. However, the parts holding or contain¬ 
ing the rollers may introduce considerable friction. Tn stoney gates, friction 
is produced in the hearing of the roller axles in the side bars or rollers. Like¬ 
wise, the links and pun in the rflterpiUar roller train introduce a friction load. 
In fixed roller gates or wheeled gates, friction occurs in the contacts of the 
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closure seals and of the rollers and in the lubrication in the bearing spaces. 
The friction load that can be accumulated from these sources is dependent 
largely on the condition of the parts and is quite variable. For gates of this 
typPj it is usual to allow for a load amounting to 6% of the water load on tho 
face of the gate for the bearing friction. 

The foregoing recommended values of K are applicable only if the intake 
gates are normally open. If the gates are likely to remain closed for a long 



Fig. 48. Rark-anrl-pinion hoist with spur gears. 

jienod, these value* can bo adopted if wood is used for one surface of con¬ 
tact; but, for bronze Miifuce* on lolled steel and on fiuiMlicd castings, or for 
bronze on bronze, the value *hould be 50% greater than the foregoing one*.. 
For normally closed gates, rolled-steel and iron and stool castings should 
never be used except with wood or bronze, as they are likrly to rust tight. 

A factor of safety to allow for material obstructions under the gate when 
closing is seldom provided, because such obstructions arc uncommon and, if 
they do occur, it is much better to remove them than to endeavor to cut 
through them with extra hoist rapacity. 

(6) Caterpillar Gates . According to E. B. Philips, the hoists designed by 
Philips and Davies for operating caterpillar gates are figured fo r : 

(The rolling friction of the caterpillar rollers against the roller races, equal to 
5% of the hydrostatic pressure against the surface of the gale) plus (the 
weight of the gate) plus (tho vertical com]H)iient of the water pressure 
on the inclined surface of the gate) minuH (the buoyancy, or uplift, of the 
gate when closed. 

Philips states also that, although 5% in used above for rolling friction, shop 
tests show that rolling friction under ideal conditions is less than 1%. This 
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I actor of sifety, together with 50% or more overload capacity of the hoist, 
provides for possible lniccuracicb in the adjustment of the giteb 

(c) TT haled Gate s The force required to ojierate roller-be lring wheeled 
gites (see Firs 2b, 27, ind 2S), in which the pressure on the gite is trans¬ 
mitted through ixlc bearings to wheels thit opeiate on gite guides, is given 
l» the following equations These equitions appl\ directly, however, only 
where tlic wheels heir on \citir il guide b and the pull, F , ib also vertical 
TV here the giudt ib at in ingle to thr direction of the pull, the force necessary 
to lift the git( is equal to r plus P tan as, where as is the ingle between the 
pull ind the direction of tnvel 

where T - the force lcquued to ruse the gitf in pounds, 

P = the w it pi pleasure ig mist the gift m pounds, 

R = the ridius of the wlucls in feet 
r — the. i iclius of i\les in feet 
f — the coefficient of rolling friction, 
f a = the coefficient of axle friction, 

W - flic submerged weight nfl the gite 

where F\ — the lorce leciumd to lower the gate in pounds 

Tht st irting coefficient of ixlc friction f , with plun ixlc lieinngs, his a 
ife v diu ot ibout 0 » If the ixlc his bill he irmgs /* will not exceed about 
001 Ihe st irting coefficient of i oiling fnc Linn should be tihen is 0003 
In dctc miming tlic si/t of hcn*t thi \ ilucs of I found from the foregoing 
iqu itiuns should Ik mulliplied In i futor of sifetv of 2 

If w itcrtightncss is obtuned b\ i belting strip the force must be increased 
sufficiently to overcome the friction of the belting is cxplumd in the following 
pingriplis on t unfoi gites 

(c/) Tamtor Gates In the tuntoi gite the opti iting force his the ad- 
\ int ige of lever ige over the friction il resist nice it the Ik mng The bearing* 
ire usudh of the plun cylindncd tv pc u ringed for greise lubrication 
When the gite stmds for a time under load the lubncint 1 * squeezed out from 
Ik tween the contuting suifnes mcl the coefficient of friction approaches the 
v due for unhilincited suifires The operiting lorce F required to over¬ 
come the beuring friction c in he expressed a* follows 



when P * total water piesbure on gite, 

A *» coefficient of tuition, as in Table 2, 
R — radius at which F is applied, 
r * ladius of beaiing 
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Real friction is dependent on the pressure exerted upon the se;il contact and 
the coefficient of friction between the sealing surfaces. In flexible seals, the 
force exerted at the seal contact is usually derived from the headwater pres¬ 
sure, although mechanical springs have been used to increase the contact 
pressure. In rubber seals, closure is generally effected dose to the headwater 
side of the contact area, and the headwater pressure should l>e considered as 
acting over the entire seal area. The less flexible wooden seal surfaces may 
have their line of closure at any pin re in the contact area, and, therefore, it is 
safer to assume for the estimation of seal friction that the headwater pressure 
acts over the entire contact area. The coefficient of friction between rublier 
and smooth metal surfaces is low ns long u£ the contact is lubricated by a 
thin film of water. In gate seals, water is not retained totween the contact 
surfaces and the coefficient of friction is relatively high. Coefficients of fric¬ 
tion for materials commonly used for seals are included in Table 2. 

21. Capacity and Efficiency of Hoists. Let 


F 

f 

G 

E 


T 

S 

8 

H 

R and r 
V 


the pull or push to be exerted on the gate, determined as in 
Section 20; 

the operating force applied to the hoist; 
the leverage ratio of the hoist; 

hoist efficiency (combined efficiency of gears and sheaves), 

expressed as a decimal; 

efficiency of a puir of gears, bearings included; 

torque required to aerate hoist, in foot-pounds; 

revolutions per minute of hand crank or motor; 

speed of gate travel, in feet per minute; 

horsepower required to ojieratc the hoist; 

radii of haud crunk and gears; 

pitch of worm nr screw gears. 


All dimensions are in feet and forces in pounds. 

The leverage ratio, (7, of the hoist is the theoretical ratio of the force ap¬ 
plied to the hoist to the force exerted by the hoist on the gate, neglecting 
friction. It is also equal to the product of the leverage Tat ion of its com¬ 
ponent parts. 

Leverage ratios are more easily understood by considering each shaft sep¬ 
arately. Thus, the leverage ratios for the rack-and-pinion hoist in Fig. 48 are 


Shaft A 
Shaft B 


Ri 

ri 

Rz 

r* 


Shaft C - — 

fi 

and the leverage ratio of the hoist is 

g — 
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For the worm-gear hoist iii Fig. 49, the leverage ratios arc 


Shaft A 

Shaft B 


2ikR\ 

Pi 

ft 


and the leverage ratio of the hoist iH 
ihrftft 
P\f% 

lu Fig. 50, the leverage ratios are 
2 wRi 
Pi 

2rft 

Pi 

and the leverage ratio of the hoist is 
„ 4ir 2 ftft 
P\P2 

In Fig 51, the leverage ratios are 


G 

e le 
Shaft A = 

Shaft B - 




Fa* 40 R.irk-and-pimun hoist 
with worm gear 


Shaft A = N 
r 

Pulleys = n 

where ti is the numlier of turns (4 in Fig 51) 
ami the level age ratio of the hoist is 



The efficiency of a hoist is the ratio of the 
theoietical force required to operate the gate, 
with frictionless healings and gears, to the 
aduul force required. It is equal to the pio- 
duct of the efficiency of its component purth. 
Expressing it as a decimal, let the efficiency, 
including Ixuirings and thrust collars, be 


\\\\\\V\\\\\\\\M 


o- 


i 


1 4-S*qftB 



e B = efficiency of a pair of spur gears; 
e s = efficiency of a screw gear; 
e w = efficiency of a worm gear. 


Fig 50 Surw-sl pm hoist with 
woim gear 


Then, since the hoist of Fig. 48 has three pairs of spur gears, its efficiency is 

E = e R * 
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And, since the hoist of Fig. 49 has one worm and one spur gear, its efficiency is 

M = Sw^R 

And, since the hoist of Fig. 50 has one worm and one screw gear, its efficiency in 

R — e^e a 

A close determination of the efficiency, c, of the component parts of a hoist 
can he made only after a careful study of the details of such parts, the pro¬ 
posed method of lubrication, and the care to l>c given the hoist after instal¬ 
lation. 

E. B. Philips* gives the following approximate values of efficiency of single 
gears with bearings. These values arc considered safe for properly maintained 
hoists. 



Plain 

Bronze or 


Ordinary 


U AhT-IIlON 

Babbitt 

Ball 

Roller 


Bkakinch 

Bearings 

Be a rings 

Bk a rings 

Spur gears with cut teeth 

0.91 

0.94 

0.95 

0.94 

Spur gears with rant teeth 

0.88 

0.90 

0.91 

0.90 

Bevel gears with cut teeth 

0.90 

0.02 

0.94 

0.93 

Bevel gears with east teeth 

0.86 

0.88 

0.89 

0.88 


The efficiency of each steel cable sheave and its bearing is about 97%. 

The efficiencies of screw and worm gears vary with the angle of the thread 
and ordinarily are lower than those of spur and bevel gears. Usual effi¬ 
ciencies of worm gears exceed 75% and this figure is recommended for prelimi¬ 
nary calculations. For the actual efficiency, which can be determined only 
by consideration of many complicated factors, the reader is referred to the 
standard textbooks on machine design. 

The force, /, required to operate a hoist is 


/ 


F 

GE 


The torque required to operate a hoist is 

T = fR\ 


where R\ = the lever arm of the force applied to the hoist. 

The number of the revolutions per minute, of band wheel or motor, necessary 
to operate the gate nt a given Hpced in 


where S 
G 
8 
Ri 


s 


Jt8_ 

torRi 


revolutions j>cr minute; 

leverage ratio of hoist; 

speed of gate travel, in feet jot minute; 

lever arm of force applied to hoint. 


♦Of Philips and Davies, machine huildcrs, Kenton. Ohio. 
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The hoibei>ower required to operate the gate at a given speed is 

H - ——— 

33,000^ 

in which H = honsepowci, 

F = pull or push excited on the g ite, as doteimined by Section 20; 
a = speed of gate tiavcl, m feet j>or minute, 

E = ovei-all efficiency 

22. Gearing. Expcrieiirt has shown the ids mtigo 
of simi gc inng cner all other gears in both dunbility 
md efficiency Its duct dis uiv mt lges is tli it it has not 
the gieit icduction oi lcxeiage ritio that screw ind 
worm gens possess and thit it, therefore, lequires a 
grtitcr manlier of gears and more space and weight of 
hm«d 

The inefficient \ of screw ind worm geirs, which re- 
quiTP nioio woih to be done in opn lting the pite is 
not noticeable foi yerv smdl piles oi for hoists thit 
lie not lnnd-o]iei tied, piituulaiU if, is is usiitl, npeia- 
tion is liifiecjuc nt 

To ieduce the size 0 f tray cling huMs, wonn gears 

frequently scr\c in eon- 
pimtinn with spur gears, 
as m Fig 

In some hM inees, 
worm geirs are used in 
r irk-and-pimon hoists, is 
m Fig 40 but the prefer¬ 
ence for such hoists is for 
spin geirs throughout, as 
in Fig 5S, is there is gen- 
c l dly ample sp ice for a 
spin-gear hoist 

The efficiency of spur 
ind woim geus is mate- 
rully inneiscd if they 
ire piouded with rollci 
be unigs, but these ire 
only on the laige gens 




Fn. 51 Drum hoist 


economically fe isible 
Both berew and worm 
gears of the bottci diss ol hoists are frequently 
submerged m ui oil clumber, as m Figs 54 
ind 57 

lloistb with east spur gears are usualh left exposed to the weather, but 
the teeth should not be shrouded or water and dut will be held in them and 


Tic. 52 Hand - opLi ited 
single-stem gate bout 5000- 
lb rapidly (S Muigin 
Smith Co) 
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will freeze. Other classes of gearing should be protected from the weather 
unless vigilantly cared for. When exposed, gears require a heavy weather- 
resistant lubricant. 

As obstructions are likely to lodge under the gate, the gearing of the hoist 
should be designed for the full power of the motive force. 

When hoists are equipped with worm or screw gears, the friction is usually 
enough to eliminate the danger of the gates closing under their own weight. 

23. Choice of Hoist. In some large installations one or two traveling 
gantry crimes operate all the head gates. For a large number of units, this 




Fig. 53. Spur-geared hand-operated gnlr hoist. (Rodney Hunt Machine Co., 

Orange, Mass.) 

system is cheaper than separate hoists for each gate but makes it iiiijM)tisiblr 
to open or close* all the head gates in the minimum length of time. When 
opening and closing is of great importance, the additional expense of individual 
hoists may be justifiable. For each development an economic study should be 
made to determine the advisable design. 

At some dams the head gates are merely extra guard gates, as at Cono- 
wingo, where there is a butterfly valve at the entrance of each scroll case. 
In such a situation a traveling gantry is all that is justifiable for operating 
the head gates. 

Mechanisms of various types arc used for the operation of intake gates. 
The most common ones are listed below and deserilied in succeeding sections. 



CHOICE OF HOIST 


Raok-and-pinion hoists (Fig 53) 

Screw-stem hoists (i lg 54) 

Drum hoists (Fig 56) 

Hydraulic hoists (Fig 60) 

Of these, the drum hoi&t is used rxrlusivel> for thobc gatets that will close 
by then own weight, such as the taintor, caterpillar, wheeled, and stoney 



Tic. 54 Hnow-hpc gstp hoist if Spirts tails N \ fnt he id gito 18 ft wide 
12 ft high undu .10-ft lit id Lifting ( ipifiLy 150 000 1h downwud thrust 50,000 
lb (M H Tieulweil Co Minufutuicis) 


gates For gites thit require a positive tinUbt to close them, the choice lies 
among the other 1 >|ks 

For very smill gites and all gale valves, sciew-&tem hoisls are picferable 
Foi the larger si/rs, screw-stem hoists sip more expensive and, if they are 
hand-controlled, the work requned to operate them is cxcessne on account 
of the low cffuicno ol the geaib Thev require very fine adjustment of gate 
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travel. Any extensh o movement of the stem out of alincment during opera¬ 
tion will bind the gear, decrease the efficiency, and cause excessive wear. 

Rack-and-pinion hoists are more rugged and require less protection and 
care. They can be used with stems composed of structural-steel members. 
On the other hand, they occupy greater space on the intake and are limited 
as to capacity. 

Both types arc well adapted to motor control. For hoists between 10- and 
30-ton capacity, the rack-and-pinion type seems slightly preferable. The 
screw-stem lype is used cxclusn ely for very large capacities. 

Hydraulic hoists arc used extensively. 
Their chief advantage is sim])licity of con¬ 
struction. On the other hand, they require 
a number of auxiliaries, such as pmn|is, 
tanks, valves, and piping. The fluid for 
transmitting the pressure should in general 
be oil, as water may freeze or cause cor¬ 
rosion. Hydraulic cylinder hoists are quite 
well adapted to very large capacity. 

24. Rack-and-pinion Hoists. The fol¬ 
lowing are two of the many ly]>cs of rack- 
aud-pimon hoists on the market: 

Single-stem, lever hoist (Fig. 52). 

Double stem, spur-gcared hoist (Fig 53). 



Fig. 55. Typical floor stand for 
hand-operated small screw-stcm 
gate. 35,000-50,000 lb capacity 
(Rodney Hunt Machine Co., 
Orange, Muss.) 


The lever hoist, in which one end of the 
lever i« frequently a socket wrench fitting 
on the same shaft as the pinion that op¬ 
erates the rack on the stem, is used only 
for small capacities. 

Generally all the teeth of the racks and gears are cast and not cul, because 
of the sloivno^ of operation and the exposure of such hoists to the weather. 
They are usually of casl iron except that, for the larger capacity, the lop 
sections of the racks, winch have the greatest duty, and the pinions engaging 
them are preferably made of cast steel. The tendency is to omit all shrouding 
oil the gears, particularly in cold climates, w’herc the hoists are exposed, to 
preclude the accumulation of ice and dirt, which may cause rupture of the 


teeth. 


If the hoists are to lie motor-operated, the high-speed portion should have 
cut-atoel gears, which should be l>oxcd or housed to protect both gears and 


motor. 

On account of the low efficiency of worm gcurs and the greater protection 
and attention they require, spur gears are more frequently used for rack-and- 
pinion hoists, particularly for the larger sizes, unless lack of space or other 
special conditions demand worm-gear hoists. 



DRUM HOISTS 


























Fig. 57. Movable hoist for laintor gates, Kerri*hoff Dam. (San Joaquin Light 

and Power Corp.) 



Fig. 58. Typical individual laintor gute hoist. (Philips and Davies Co.) 
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Fra 89 Intake gaie hoist, Fontana development for 27-ft 
10-u by M-ft fl-in caterpillar gate (Tennessee Valley 
Authority.) 
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Frequently, provision is made for attaching the operating cranks to a higher- 
speed shaft for speedy operation during light loads. Motor operation is sup¬ 
plied by installing a greater gear reduction, and a clutch should be included 
for disengaging this additional gearing for baud operation in cose of failure 
of the motor. 

25. Screw Hoists. A typical screw hoist of large size is shown in Fig. 54 
and small ones in Figs. 23 and 55. The large hoist is completely protected 
from the weather, even possessing a hood over the rising Btem. Hoists of this 
type usually have roller bearings under the thrust collar to reduce the friction 
when lifting. If much force is required to close, roller bearings are provided 
above the thrust collar also. 

To insure the greatest gear efficiency, the screw should be designed so that 
the gate will be almost able to overhaul the gearing and start closing under 
its own weight. 

26. Drum Hoists. Figure 56 shows a drum type of hoist intended for 
the operation of a caterpillar gntr; but very similar drum hoists are used for 
stoney and other gates capable of closing under their own weight. 

Figure 57 shows a type of hoist particularly adapted to the operation of 
taintor gates. The taintor gate is usually raised by means of two cables or 
chains attached to the front lower comers of the gate. When the gate is 
raised the chain or cable winds up iu the grotrv es on ihe drum, as illustrated 
m the figure. In some lamtur-gate hoists, the drum consists of two truncated 
cones with the* small end of each cone near the ends of the shaft. The chain 
starts to wind up at the small ends of the cones and thus a greater torque is 
obtained in starting. 

Drum hoists may be equipinnl with chains or steel cables. Chains are usu¬ 
ally adopted unless multiple sheaves (Fig. 56) are necessary. Figure 59 shows 
the hoist for the 27 ft 10 in. X 16 ft 0 in. caterpillar intake gale of the Fontana 
development of the Tennessee Valley Authonty. There are two of these 
gates aud hoists* with n third intake blanked oil. Each gate hoist normally 
exerts a pull of about 470,000 lb. Normal hoist speed of the gate is 3 ft 
per minute. 

27. Hydraulic Hoists. The hydraulic hoist, ns in Fig. 60, consists of a 
cylinder in which a piston connected to the gate lifts and lowers the gate by 
means of hydraulic pressure. The pressure is provided by pumps using oil 
ns u thud. Pressures as high as 1000 lb per sq in. have lieen used, but experi¬ 
ence has shown that about 400 lb is prefernble. 

The piston packing, particularly under heavy pressures, is seldom tight 
enough to hold the gate open, and a latch or some other means must be used 
to support the open gate. For this and other reasons, hydraulic hoists are 
not particularly adaptable to remote control. 

A fairly typical low-hcnd installation* is illustrated in Fig. 60, which shows 
the gates for the Vernon extension unitH. Each of these units has a capacity 

* From a description written by E. A. Dow for spring meeting of the American 
Society of Mechanical Engineers, 1929. 
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of 5000 kw under 34-ft head and discharges about 1800 sec-ft. Each has two 
gates 17 ft 6 in. high by 15 ft 0 in. wide, operated by 28-in. oil cylinders. 

In line with the New England Pouer Company policy, these gates are de¬ 
signed to close in nn emergency under full head with no back pressure, so 
that it is possible to shut off the flow with the turbine gates open or with the 


Open tmfms “A” to raise not* 
260 Lb Relief valve Open values U B" to tower gate 

automatically by-passes if gravity 

when pitta Open valves “C" to Mfff gate 
1 of stroke when preeeure is needed 


tappea notes for 
removing rings 





Pressure Holes 


To other 
cylinders 
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, pump motor 
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Seetlon Through Ceuter Line 
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Fig 60 nydiaulic hoists of the Winon x)lunt, New England Power Co. 


turbine ontiieh wiecked To aid in rlosing under emergency conditions, the 
gates were m.ide very heavy (120,000 lb each), being constructed of a struc¬ 
tural-steel frame filled with concrete. No skin plate waB used. The weight 
of the gates plus the thrust of the hoists is sufficient to insure closure with a 
coefficient of inction of gate on guides of cell over 0.75. They an* opened 
with pressures equalized by means of filler gates. These gates are of the plain 
sliding type and have seats of structural steel bearing on cast-iron flames 
28. Motive Power, (late hoists can be operated by hand, by electric 
motor, or by hydraulic pressure 
























■ 40 ' 9 * 


*■ at Conowingo hydroelectric development, Maryland (Phila- 
'•tnc Go ) 
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For hand-operated gates the (Tank effort required to start the gate usually 
diminishes rapidly as the gate is lifted. This effort in starting should not 
exceed 40 lb for gates normally closed and 80 lb for gates normally open. 
These values will correspond to about 20 lb for the effort after the gate is 
started. 

The most convenient radius of the hand crank is almut 16 in. with shaft 
about 3 ft uIkivp the floor. The radius of hand wheels varies considerably 
among manufacturers. The advantage of a hand wheel is that it ran be spun 
rapidly under light loads. Clanks are more often used than hand wheels, 
and in many instances provision is made for changing the crank to a high* 
speed shaft when the load is light. 

When the hoist is of Mich large capacity that hand operation becomes 
tedious, or when Temote conlrol becomes necessary, an electric motor is sup¬ 
plied. However, if practicable, the hoist should always be equipped with 
emergency hand operation for use if the motor control should fail. 

Alternating- or direct-current motors can be used for gate hoist b, the choice 
depending on the kind of current adopted for the other station auxiliaries. 
Ordinarily, variable-speed, high-slurtmg-toi que motors are required, us the 
type of hoist and gate is rarely such that the motor can uttain full speed 
before being loaded. Constant-speed motors hive lieen used successfully 
with drum hoists whore the slack in the chain or cable, when the gate is closed, 
is sufficient to allow the motor to attain '.peed before the gate starts to lift; 
but this arrangement limits the adaptability of the motor. Ah an example, if 
such a gate were opened but slightIv in order to fill the conduit gradually, it 
could not be opened further without first closing to slacken the cable so as to 
permit the motor to start. 

Variable-sliced d-c motors are series-wound. Variable-sliced a-c motors con 
be either the high-resistance, squirrel-cage type or the slip-ling tyi>e. 

Successful motor operation of gate hoiM' requires accurate control at the 
end of the gale travel, particularly if overtravcl lieyond the desired point 
would jam the gears and cause damage. Almost e\ory type of gate provides 
ample leeway at the end of travel when opening; blit, except lor dnim hoists, 
which can exert no direct downward thrust, the permissible overtravcl at the 
end of the closing operation is very small. 

The gale has a tendency to travel a short distance after the current is cut 
off from the motor, because of the inertia of the moving parts. Therefore, 
when the permissible overtravel is 1 mnled, Ihe sliced of operation at the end 
of gate travel should be reduced to facilitate 'topping at the proper time. A 
reduction of speed at the end of gate travel is accomplished by means of hand 
controllers. Such controllers are difficult to operate from n distance, and 
hence for remotely controlled hoists, considerable ]>erraissible overtravel should 
be provided and the controller for reducing speeds should not lie used. Con¬ 
trollers are usually furnished with a number of speeds, forward and back, 
although in many cases the danger from overtravel may be in only one direc¬ 
tion. Controllers are not required for closing with a-c squirrel-cage motors 
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or d-c series motors if, as in the case of sliding gales, the load is greatest at 
the end of gate travel, because for these types of motors the speed is slowest 
when the load is greatest. Slip-ring a-c motors, on the other hand, arc vari¬ 
able in speed only when starting and so would require controllers for stopping. 

Limit switches should be provided for all installations. Such switches are 
essential for remotely controlled hoists, to throw off the current und stop the 
motor at the proper time. With hand control, they are very desirable to 
prevent overtravel due to carelessness of the operator. They should be ad¬ 
justed to the inertia of the moving parts so that the continuance of gale 
travel after the current is off will not exceed the limit of iiermissible travel 
and jam the gears. 

Solenoid brakes should lie furnished for those gales that may overhaul the 
gears and close by their own weight. Surh brakes are designed to set auto¬ 
matically when the eurreut is cut off the motor. They are also useful to re¬ 
duce the length of travel due to inertia, as previously explained. 

In addition to a limit switch, a friction drive counting of a fabric disk held 
by springs between metal disks is often advisable. Thw type of dnve is mosl 
useful if there is danger of an obstruction lodging under the gate and causing 
jamming before the limit switch stO]W Ihc hoist. However, the danger from 
such obstructions at intakes protected by racks is not great, and a friction 
drive adds one more part to maintain. 

Overhead trolleys are considoied best for mntor-opermed traveling hoists. 
Plug-and-rceeptarle systrnih have been used but are frequently a source of 
trouble, particularly if the removable connecting cable inny l>c run over when 
moving the hoist. 

An electric motor may be provided for each hoi si; or, by means of a line 
shaft with clutches, a single motor can drive two nr more hoists successfully. 
A motor with each hoist is Ihc most desirable arrangement but usually the 
most costly. 

29. Traveling Hoists and Gantries. It is common practice to mount 
drum hoists on wiieels, to travel along the top of the intake ami o]H»rate each 
of the head gute^. Such hniHt« are shown in Figs. 57, 01, and 612. 

There are some objections 1o traveling hoists, as in some conceivable emer¬ 
gencies it might be very important indeed that the head gate controlling sonic 
particular unit or penstock lie put down as promptly as possible. If ihe hoist 
wvre far removed from the gate affected, it would take quite a while to unhonk 
it from the gatr to whirh it w'as thou connected, move it ‘o the gate to lie 
operated, attach it, and lower the gate. By the time the hoist was in posi¬ 
tion, untold damage might be done that might have been avoided had the 
gate been hooked up to a hoist ready for instant operation. To overeome 
this objection, latches have been arranged at some installations, so that 
in an emergenry the head gales ran 1 x* dropped into position. 

Where traveling hoists an* used, there is also a greater temptation to nor¬ 
mally leave all gates up with headwater pressure riding on the wicket gates 
of the turbines so that units ran go on the line promptly when in demand. 
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Tlie leakage thiough the wicket gateb when units are not operating may be 
tremendoub as a result of this practice. Consequently, this fact should be 
considered in detei mining whether tiaveling hoists or individual hoists are 
more economical for any particular project. 

The engineer obliged with the responsibility for a project must weigh the 
saving in first cost effected by using one hoist tor several gates against the 
assurance that an individual hoibt for each gate gives. For moderate- and 
high-head developments ot the first magnitude! it is behoved that usually it 



Fin 62 Intake gintiv u mes at Clinkamauga development (Tennessee Valley 

Authority) 


will prove worth while to install an individual hoist for each gate For gates 
without hand operation more thin one souice of power should be provided 

Tiavcling hoists are usuallv mounted on a simple cir or truck equipped 
with a track, as in Fig 63 However, in some instances, where the intake has 
a supeistructure, a powerhouse t>pe of ciane his been provided not only to 
opente the gates but also to h indie trash racks, riking devices, and stoplogs 
In the absence of a supcrstiucture, a gantry crinc has served this purpose 

30. Stoplogs. Provision must bo made for unwatenng the intake gates 
for inspection and repairs In some c.ases elaborate emergency gates that can 
lie quickl} operated have been installed, but such methods are too special for 
dctulcd description It is considered thit properly designed gates should 
not require frequent unwatenng Consequently, it is usual merely to install 
stoplogs for that purpose 

It the span is not too great, stoplogs generally consist of timbers guided 
into pi ice by means ol a i ertic il slot at each side of the opening above the 
gates If the opening to be cloy’d is wide and deep, steel I beams, with or 
without timbers bolted to them cm lie used, as m Fig 64 Thebe give both 
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the necessary strength and sufficient weight to facilitate installation by over¬ 
coming the buoyancy of the wood. 

Rtoplog grooves aic «omt times provided upstream from the racks, but much 
more frequently they are located just upstream from the gate, as in Fig. 6. 
In such rases, unless the forebay can be imwatered, the 
piers between the racks are allowed to project upstream 
trom the racks, as in Fig. 10, so that a bulkhead can tic put 
in place on the extremely rare occasions when it becomes 
necessary to unwater the racks. 

Unless serial cure e* taken to fill Ihe sides of the grooves 
with exceptionally smooth concrete, the stoplog® cannot be 
put in place and made tight without Mime difficulty. Con¬ 
sequently, wood or stool 
seats similar to those 
used for sliding gate® 




Fro. 64. Typ¬ 
ical steel 
wood stoplog. 
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(Figs. 2ft and 25) are frequently provided. 

Where wooden stoplogs are adopted, it 
is difficult to overcome the buoyancy of 
the wood without special provisions. 
Figure G5 shows a permanent anchor bolt 
imbedded in ihe concietc at each groove. 
Fastened to this is a temporary cross 
tin liter that selves a® a support to jack 
down the Jog-* 

Figure GO shows an ar¬ 
rangement used wheic 
the huovancy of the logs 
is insufficient to lning 
them to the suiface and p/m 

where they mo-t be re- 

ino\ ed against w at or pro®- . ■ - 

sure. It consists of a 1 

bolt passing through a notch cut into one end of each log, J 

which mm be engaged by a hook on the oiul of a rod to 

afford a means of pulling the Jog to the surface. 

31. Air Inlets. Air inlets are particularly important 
iu«1 back of head gates at the entrance to a penstock or pipe¬ 
line, decausc if they are omitted and the pipeline in suddenly 
drained when the head gate is closed, collapse of the pipe¬ 
line is likely to follow. 

The ratio of square inches of nir inlet to square feet of gate opening has 
varied all the way from 1.5 to 0.5 sq in. of inlet per square foot of gate 
opening. In a few cases it is very much greater; for example, in the Rocky 
River hydroelectric plant, Connecticut (Fig. 21), the ratio is 1G.1 sq in. per 
sq ft of gate opening. 



Aiiangcment foi jinking 
down stoplogs. 


E/WUtlM 

Fig. 66. Spe¬ 
cial arrange¬ 
ment to facil¬ 
itate removal 
of stoplogK. 
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Aft some serious accidents and failures of pipelines and penstocks have lieen 
due to inadequate venting, it is desirable to check the adequacy of air inlets 
that may be installed within the routcmplaled structures. If vents are inade¬ 
quate, it is possible to increase their area by enlarging the structure. 

The following equation for flow of air, applicable to ordinary cases, as ex¬ 
plained later, is derived from an article by M. L. Enger and F. B. Seely: * 

Q = 34 8cF^/P 

Carman and Carr's equation for the strength of steel pipe is f 

50,200,000 /f\* 

^ ~ 8 \d) 

Combining these two equations, we have for the safe area of the air inlet 

F = Q ^± f d Y J 

2,4(50,000c \ t) 

In the al>ove formula, 

Q = flow of air through inlet, in cubic feet ]>er second; 

c = coefficient of discharge through air inlet; 

F = area of air inlet, in square feet; 

P = safe difference in pressure lietwecn inside and outside of pipe, in pounds 
per square inch; 

t = thickness of Bteel ])ipe, in inches; 

d = diameter of steel pipe, in inches; 

s = a factor of safety against ctillap** of pii>e. 

For pipes buried in earth, n value of s 5 should lie used; for pipes on 
saddles, 8 = 10 is a safe value. 

Values of c *= 0 5 for the ordinary type of air-inlet valves, anil r - 0.7 for 
short air-inlet pipes, are conservative. 

Owing to adiabatic expansion, the above formula becomes quite inaccurate 
(but on the safe side) when the difference in pressure between the inside and 
outside of the pipeline, P, exceeds 5 lb. However, this i* not particularly 
important, as the permissible difference in pressure is much less than this for 
any but very small pipelines. For instance, the collapsing-pressure equation 
shows that a 54-in .-diameter pipeline with a thickness of slecl of V\ in. would 
collapse at a difference in pressure of about 5 lb per sq in. 

* “Vents on Steel Pipe Linos,*' Eng. Ncu)8-Rcr. t Vol. 09. p. 594, 1914. 

t Bulletin 5, University of Illinois Experiment Station. See also reports of other 
experiments on collapsing pressure, including E. E. Stewart, Trans. AJS.C.E., 
Vol. 27, p. 730, 1900. 
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As on example of the application of the formula, let 

Q tm 500 sec-ft, flow of air through the inlet because this equals the maxi¬ 
mum flow of water in the conduit; 
e — 0.7; 
t 0.5 in. f 
d = 100 in., 

8 = 10 . 

Then from the above equal ion 

„ 500-s/lO /100\4 

F 2.4(10,000 X 0.7 \ 0 . 5 ) = 2,6 " Q ft 
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CONDUITS 

1. Types of Conduits. After the water hah passed the intake at the 
dam, it enters the conduit and is earned from there to the turbine* in the 
powerhouse. The general type* of conduits used in hydroelectric practice are 
a* follow *: 

1 . Canal*. 

2 . Flumes. 

3. Steel pipe. 

4. Wood-stave pipe. 

5. Concrete pipe. 

6 . Tunnels. 

The conduit system may lie divided into two parts, namely the “high-line" 
or nonprchsure conduit and thr “penstock" or pressure conduit. Beginning 



+ lf conduit is a ranal or flume the hydraulic 
gradient is at the water surfare. 

Fhj. 1 . General application nf vimoub types of conduits. 


at the intake of the dam, the high-line eonduit is that portion which follows 
the hydraulic gradient or slightly lielow it, and the pressure eondui + is that 
portion which continues the flow to the turbines well Ik low the hydraulic 
gradient. A typical mnkc-up of the conduit system is indicated in Fig. 1. 

Canals, flumes, and closed conduits, such as nonpressure tunnels, wood-stave 
pipe, and concrete pipe, are used for the liigh-Jine portion of the conduit 
system. Occasionally steel pipe lias been employed, but it is generally too 
expensive 1o be desirable. If a closed conduit is used for the high-lino eon- 

606 



LIMITATIONS AND RELATIVE ADVANTAGES 607 

duit, especially if it is a wood-stave pipe, a moderate amount of pressure in 
the conduit is desirable, say up to a maximum of 30 ft of head to prevent the 
rotting of the wood pipe due to lack of saturation. 

For the pressure conduit the choice is much narrower. Because of the high 
pressure to which this portion of the conduit system is subjected, the choice, 
for high- and medium-bead plants, lies between properly protected pressure 
tunnels and steel pipe. Most penstocks are steel pipe. For medium-head 
plants, wood-stave and concrete pipe have occasionally been used. For low- 
liend plants the conduit is oommonly in the dam structure. 

The principles of the different types of conduits are discussed in succeed¬ 
ing chapters ns follows: canal* in Chapter 20, flumes in Chapter 30, *tpel pipe 
in Chapter 31, wood-stave and concrete pipe in Chapter 32, and tunnels in 
Chapter 33. 

2. Location of Conduits. The location of the conduit system is some¬ 
times made by methods similar to Ihose used in railroad location work. ‘The 
locating engineer decide* the most feasible line and establishes the alineiticnt 
in the field. 

For important projects, and where therr is much topographic relief, con¬ 
siderable reconnaissance work and mapping is done for the entire area which 
may come within the seoiic of the project. With the necessary field informa¬ 
tion, an office study is made to determine the most desirable and economical 
conduit location The proposed line is then staked out in the field to sub¬ 
stantiate the paper location and to obtain the final location of the conduit. 
The choice of location is discussed in Section 7 of Chapter 7. 

3. Limitations and Relative Advantages. In the choice of a conduit, 
topographical and economic considerations will generally govern. A thorough 
investigation should Ik* made of the feasibility of using various types of con¬ 
duit for the project under consideration, and comparative estimates of cost 
should lie prepared for the various typos of conduit and for alternative alinc- 
ment. 

Thus, for a certain project, it might at first appear a comparatively simple 
and cheap piopositiun to conduct the* water by means of an unlined canal 
around the brow of the hill to a point just above the powerhouse where the 
intake for the penstocks would be located. Further investigation and borings 
along the line of the work might show, however, that the material through 
which the canal would pass was a coarse gravel which would cause an exces¬ 
sive seepage, and that consequently it would Ik 1 necessary to line the canal. 
With this additional cost it is found, as an assumption, that the total cost 
of the canal lme is greater than that of an alternative tunnel through ledge 
rock under the hill. 

When the country’ is so steep and rugged that a conduit could not follow 
the hydraulic gradient, canals are, of course, ruled out of consideration, and 
the choice lies between steel pipelines, wood-stave pipelines, reinforced- 
coucrete pipes, ami tunnels, or a combination of two or more types. 



CONDUITS 


[Chap. 281 


The conduits must he considered in connection with the other features of 
the project, as the various parts of the system are interdependent. Thus, it 
might pay to change the location of a dam site in order to shorten a conduit. 
On some projects the required length of conduit is found to be so cxjiensivc 
that it pays to break up the project into several smaller ones Laving a very 
much shorter total length of oondiut. The extra ponds thus take the place 
of the conduit. Generali}” shaking, a steep blo]ie of the river and a high load 
factor favor the use of tunnels and pipelines. A flat country and a low load 
factor favor the elimination of conduits, or their reduction to the minimum 
and the location of the ]) 0 \verhouse as an integral part of the dam. 

In cold climates, both canals and flumes -are objectionable if of great length, 
on account of the problems arising from the formation of ice. Frazil ice,* 
forming in the canal before it is covered with an ice blanket, often blocks the 
racks or the turbines. This trouble ceases when the canal is frozen over. 
Flumes, on the other Lind, are frequently designed for such high vclority that 
the surface never freezes, and frazil ice trouble may be exacted. Pipes often 
give trouble from freezing. In many cases of exposed steel pq>o, a coating 
forms on the steel inside the pipe and reduces the area somewhat. The* ice 
coating, when it becomes loosened in warm weal her, usually passes through 
the turbines without injurious results but sometimes blocks the turbine gates 
completely. Concrete and wood are better insulator-, than steel, and freezing 
in concrete and wood-stave pipe seldom occurs. 

Unlined tunnels in rock may be used if the material is stable without sup¬ 
port and if they are deep enough in the ground so that the weight of the 
overburden is sufficient to balance the internal pressure. Whore the material 
is unstable or where the rock shows excessive leakage, tunnels are lined with 
concrete and reinforced with steel if the depth is insufficient. Vnl'med tunnels 
will often compote successfully with other type-, of conduits. However, 
the cost of lined tunnels is so great that they are adopted only to meet condi¬ 
tions which prevent the economic installation of other tjpos of conduits. 

4. Economics of Conduits. High velocity, with resultant small aro-i and 
small size of conduit, makes for cheapness in first cost but results in high 
friction loss and decreased head and power output. Since minimum cost can 
be obtained only at a sacrifice of output, and since maximum output can be 
obtained only at an increase in co-t, there is always, for every project, one size 
of conduit which, theoretically, will result in the greatest economy of design. 

Hence, the theoretical best velocity in conduits is fixed by the jirinciples of 
maximum economy. A typical investigation of the economics of design for the 
Colorado River Aqueduct is presented by Julian Hinds. \ 

However, two practical considerations influence the choice of velocity. 

(a) In canals in earth the velocity must not be high cuough to cause* scour 
or low enough to allow plant growth or deposits of silt. (For permissible 
velocities in earth canals see Sections 6 and 7 of Chapter 29.) 

♦For definition see Srction 8, Chapter 27. 
t See Refs. 2 and 3, Section 10. 
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(6) In penstock b the velocity is influenced to u. large extent by contrideru- 
tion of turbine regulation. A high velocity, though it may prove more eco¬ 
nomical, may require such a ^low-moving governor to prevent excessive water 
hammer (see Chapters 34 and 30) as to result in unsatisfactory speed regu¬ 
lation. Penstock velocities are seldom below 6.0 ft per second and in very 
high-bead plants have been used as high as 20 ft, per Rccond. The typical 
velocity for medium-head plants is about 12 ft per second for maximum plant 
discharge. 

When the general principles of economic design are applied to conduits, 
the following features must be taken into consideration. 

Conduits in General. The annual cost must include the annual cost of all 
appurtenances that change with the size of the conduit. 

High-line Condwts. The annual cost of high-line conduits must include 
the cost of grading, sills, cradles, trestles, and other important appurtenances 
and must also include the annual cost of the terminal regulator. If the termi¬ 
nal regulator is a surge tank, it will have some influence on the size of the 
conduit, because the size of the surge tank changes with the velocity in the 
ruiulmt. If the terminal regulator is a pond created by a dam, the annual 
cost of the dam will vary, because the surges will be higher if the velocity 
in the conduit higher. The internal pressure in closed ronduits and the 
depth of water in open conduits are functions of the velocity in the conduits 
ami of the size of the terminal regulator and should be considered in all 
problems of economic design. 

The problem of economics is somewhat complicated for a closed conduit 
with a surge tank. Ilere there are three variables: the charges against the 
Mirge tank, the charges against the conduit, and the value of power lost. 
For a given size of surge tank, the nifst economic size of conduit can lie 
determined only by successive tiials. 

The problem is not so difficult for open conduits with ponds for regulators, 
as the cost of the dam creating the poml usually varies inappreciably with 
the size of the conduit. 

6. Air Valves in Pipelines. If pipelines, «*uch as penstocks, which carry 
water under pressure, have vertical angles in them, then it may be necessary 
to install air-inlet or air-outlet vahes in addition to the air inlet at the in¬ 
take (Section 31, Chapter 27). A “summit” in the pipeline may require 
the installation of an air-outlet valve; otherwise air may aceuniulatc at this 
summit until iho pqieluic beromes oirboiind. On the other hand, if a section 
of gently sloping pipe is succeeded by a section with a steeper slo]>o down¬ 
ward, then an air-inlet valve may l>e required at the head of the steeper 
slope to prevent a collapse of the pipe due to vacuum. 

It is, of course, desirable to avoid such vertical angles, and it is always 
better to have a pressure pipeline or penstock on a comparatively uniform 
slope. There are situations, especially in rough country, \cherc the resulting 
sharp vertical angles cannot lie avoided except at prohibitive expense, and it 
is in such situations that air valves should be used. 
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Figuio 2 indicates the t>po ol an-inlet valve manutac luied b> the Simplex 
Valve aiul Miter Compau\ The valve is kept closed b> the buoyant effect 
oi the w iter bunounding the float when the pi]>clinc is full of water 'When 
conditions aiisp winch favor a vacuum m the pipeline, 
the hum ant effect ib destiojcd and the floit di ops 
from itb seat, admitting an into the line The \ live 
will icmain upon rtgirdless of the veloul> or picssuic 
ol air until w ltd again nets to buo> the floit to its 
seat Fui tins leason the val\e liny albo be used at 
summits of pipelines to rtleise air. 

One ol tlif large Coffin an-inlet valvtb used below 
the jirnstock valves at the Divis Pudge planl of tin 
New Inghiid Power Coinpuiv is hhown in Fig A 
Its chief iejituie is tin binn/e float winch floits up 
Fie. 2 Ciosshs( it ion to its sc it to close when the w itcu* in the penstock 

of Simplex in-mlit n^(s and diops to idinit an when the w ltd is di iwn 

V >oHUon) n 1ll (Sim°7f\ * lom t ^ e I )ens ^ ot ^ The bottom of the flint is 
Val\c°anil MeleTVo) l ,lI * OIlled to picvent coll ipse undir high picssuie 
uni ilso to iciIiicc the slunk of closure b\ pmuitling 
the w ltci to use in the floit and compiess the enti ipped mr As shown in 
Pig i, the aliening of the v d\c is cushioned b> the opting iliovi the vokc 
\ ihcs ol this 1 x pc do not like cue oi sin ill lceiniiul ilions eit ur in flu 
pipelines loi lint pui pose, it iute»ssii'i J «-m ill iu\ih uv v lives ate instilled 


i y< 9 

P P* UP 

JOi'C’ bolu 
a 4LH' B I 


Fig 3 Au-inlit v ilvo it Davis Hiidgt pl.int 

The Simplex iir-outlct valve ol Pig 4 is used only to releusc iccumulilions 
ol air in the pipelines, puliculnly at summits The principle of operation is 
binnhr to that of thi v live of Pig 2 When the pijxliiic is full of water 
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Air valves of all types must be prevented from freezing. This feature is 
of tho utmost importance. The valve of Fig. 3 was carefully inclosed in a 
separate compartment and freezing prevented by using a few electric spare 
heaters in tho compartment. 

The required ^lze of air inlet may lx* determined by methods discussed in 
Chapter 27, Section 31. 



Manhole Cover 



Frc. 6. Cast-iron manhole for 42-in. wood-stave pipe. (F. C. Kelsey, (''insulting 

Engineer, N. Y. C) 


6. Manholes in Pipelines. A manhole should always l »c provided at 
each end of the pipe, and intermediate manholes should be located 1000 to 
1500 ft apart. The manhole at the intake is usually provided by installing 
a ladder in the air inlet, and that at the turbine is frecpiently furnished with 
the steel spiral casing. Intermediate manholes of various types are avail¬ 
able, most of which havp been deigned to reduce the disturbance 1o the 
flow in the pipe. Typical installations are indicated in Figs. 5, 0, and 7. 

7. Conduit Valves. Oates and valves nre used to permit unwatering 
of the conduit system for inspection and repairs. The various types of gates 
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described in Chapter 27 are always used at the conduit intake and serve to 
unwater the entire system. Valves can be used, but generally they are placed 
at strategic locations in the-conduit to allow unwatering of sections bf the 




Fig. 7. Manhole for standard 14" x 16" opening in reinforced-concrete pipe. 

(Lock Joint Pipe Co.) 


In any conduit, except a very short one, it is desirable to use a valve just 
upstream from the turbine, as in Fig. 11, Chapter 36, to reduce leakage when 
the unit is shut down or during off-peak periods. Thus, in case of injury to 
the turbine, this practice permits the prompt stopping of the column of 
water before it can do much damage. Needle valves, butterfly valves, and 
slide gates are used for this purpose. 

The speed of operation of all conduit valves, if near the turbine, should be 
definitely limited to the speed of the turbine gates so that water-hammer 
pressure in the conduit will not exceed that caused by turbine-gate operation 
(See Chapter 34). 
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Butterfly valves have found considerable application ok conduit valves in 
hydroelectric practice. The> can lie made very tight and have the advan¬ 
tage of requiring relatively small sjrnce out bide the lines of the conduit 
Butterfly valves arc descriljed in Action 17 of Chapter 27 anil illustrated 
m Figs. 34, 3.3, 36, 37, 38, and 42 of the same chapter. 

Necdh valves are usually, and preferably, installed ngainat the atmosphere 
at the outlet end of the condiut. Some tunes it may be deniable or necessary 



Fio. 8. Lamer-Johnson \ .ihe. (1 P Munis Dimsiou, Udhtam-huulUwaik Coip, 

Philadelphia, Pa.) 


to install this type of v.ilvr in an inieimediate position in the rnmliul. An 
expanding conduit section is then installed lielov the outlet and mr is fre¬ 
quently admitted from ail annular chamlwr surrounding Ihe conduit close* to 
the valve outlet Needle valves ina> lx* damaged b> liee/mg when exposed 
to low atmospheric temperatures, and their woikmg parts may then leqiure 
some mainteimnee attenliun. For these reasons guard gates are needed in 
the conduit and provision* must be made for diaimug the valve body and 
interior chambers. 

An example of the IAimer-Johnson needle valve is shown in Fig 8. The 
flow pasbos through the oilier annular passage. In operation, chambers A 
and B are connected to headwater. A pilot valve (3) in the head of the 
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plunger permits the release of water from chninlier A and is actuated by the 
hand control. When the pilot valve is closed enough to restrict Iho flow 
through the nozzle (2) at the end 


of the plunger, the pressure in 
chamber A is raised and the plunger 
is advanced. Advance of the 
plunger tends to open the pilot 
valve, thus stabilizing the position 
of llie plunger in accordance with 
the setting of the manual control. 
Similarly, opening of the pilot valve 
decrease*, the pressure in chamber A 
and retracts the plunger. 

The interior differential needle 
valve , as shown in Fig. 23 of Chap¬ 
ter 2fi, is a more recent development 
of the new lie valve by the V. H. 
Bureau of Reclamation. The dis¬ 
tinguishing feature of this type of 
valve is an external control valve, 
known as the “paradox control,” 
which contiols the procures in the 
interior chambers. The needle 
valve i 5 ' divided into three cham¬ 
ber* designated as A, B. and f\ 
Chamber A is drained to atmos¬ 
pheric pressure. To close, conduit 
pressure is admitted to chamber C, 
and chandler B is drained to atmos¬ 
pheric. To open, these pressures 
are reversed. The paradox control 
is a piston valve arranged on the 
“follow-up valve” principle; i.e., 
the mechanism is arranged so that, 



with any manual netting, movement 
of the plunger in either direction 
will readjust the control port open¬ 
ings, so ah to arrest or reverse the 
plunger movement. The plunger is 
in this manner kept close to the 
position determined by the manual 
setting of the control. When tho 


Fi(i. 9. tied inn tluough 28-in. gate valve 
for 2100-ft head. Note parallel seat pf 
renewal >lc bronze, slot-filling follow ring 
below plug, separate adjustable duffing 
boxes on both valve and cylinder, bronze- 
protcctcd rod. bronze-lined cylinder, in¬ 
dicating and lifting rod extending through 
cover, electrically operated control vahe 
on side. 


manual control is moved, the plunger moves in the corresjKmding direction 


until its position is again stabilized by the readjustment of the control valve 


by the follow-up mechanism. 
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Gate valves have lieen iLsed extenuively in many plants but are becoming 
lees general with the development of more efficient and less expensive types. 
Gate valves as large as 9 ft in diaineler for 100-ft head and 28 in. in diam¬ 
eter for 2200-it head have l>een biull. Figure 9 shows a special 28-in. 
hydraulically operated gate valve built to operate under 2100-ft head. This 
valve was designed to lie opened against hill static pressure or to be closed 
agj-insl lull-load velocity In order to meet these conditions the plug of the 



valve has a paiallel seat and rests against this seat tkiuughout its full travel. 
Valves for pipeline conditions need have a seat oil only one end, as pressure 
conditions aie nc\er reversed, unless ini test pm poses 

Gate valves ha\e Iieen practically supeiseded ior diameters above 00 in. 
for medium-head conditions, although the small standard-type gate Milves 
are still extensively used The most lmimitjnt installations oi gate valves 
are for higli-hc.id conditions, probably from 800- to 2500-lt head and up to 
4S in. in (lumcter. Vulva? for hieh-head conditions may be readily designed 
for penstock pressure operation by using a hydraillic cylinder direct-connected 
to the \ alve bonnet as in Fig 9 The inlet water should be strained, and the 
inside of the cylinder should be bronze-lined to prevent rusting. 

High-head gate valves should be constructed of cast steel, and the parts 
subject to pressure are usually tested to about 50# above the maximum head 
which will be obtained at the plant. The standard type of gate valve iR 
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suitable for low heads and small din meters, but the valves should be selected 
earefully and have parallel seats, as a tapered-seat valve may be broken off 
when closing against full-load velocity, because under these conditions the 
plug is not supported and the full force of the water must be earned from 
the stem. 

Cone valves (sometimes called roto valves) are fairly recent developments 
and have had limited application in hydroelectric practice. However, they 
have been successfully used as checlj valves, stop valves, and control valves 
in penstocks and pijichnes. 

The principle of the cone valve, as shown in Fig. 10, is essentially that of a 
plugcock. The conical plug, with a circular orificp of the same diameter as 
the inlet and outlet connections, is seated in the valve casing. Whim in the 
open position the plug orifice lines up with the casing and the valve becomes 
a short pipe section with a free unobstructed passage. For closure the plug 
is unseated and rotated through 90 degrees to its seat in the closed position. 

The advantages of this tyi>o of valve arc the negligible Joss in head, which 
actually amounts to a head loss for an equivalent length of pipe, and the 
smaller vault space due to compactness of the valve. However, like all valves 
in cold climates, it must be protected from freezing under certain conditions. 

Cone valve- are made in standard sizes from 6 in. to 00 in. for working 
pressures of 125 lb and 250 lb, but they can be specially designed for larger 
size*. A typical installation I*- the Pinnacles development at Danville, Va., 
where three 24-in. cone valves are in service as shutoff valves in penstocks 
under a 000-ft head. Cone valves are manufactured by Chapman Valve 
Manufacturing Company, S. Morgan Smith Company, and Colden-Andcrson 
Vdve Specialty Company. 

8. Blowoff Valves. Silt and sand are frequently deposited in deep de¬ 
pressions m closed conduits and must be removed through blowoff valves 
located in the bottom of the conduit at the lowest point of the profile. 

The Howell-Bunger \alve, shown in Fig. 24 of Chapter 26, is adaptable 
for this purpose. In tin* type of valve the jet i* divergent and dissipated 
over a very huge 1 area, which reduces the effect of scour below the outlet. 

The amount of deposits to f>e removed by a blowoff valve dr]iends upon 
the rale of rise in grade of Ihe conduit after passing Ihe bottom of the 
depression, the velocity in the conduit, and the kind of material carried by 
the water. It is evident that, if the rate of rise is gradual and the velocity 
high, deposits will be negligible. 

Blowoff valves may also be used to pass relatively small quantities of water 
into the channel downstream. 

9. Excavation for Benches for Flumes and Pipes. Figure 11 shows a 
typical side-hill cut for a bench for q wood-stave pipe. The slope of the 
excavation vuries, of course, with the nature of the materials. A width of 
3 ft 0 in. for ditch D is not too great for a deep excavation if ploughing is 
likelv to occur. For rock cuts, the ditch is eliminated and the distance D 
can lie reduced to about 1 ft. The width C provided for si'Ur depends on the 
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type of saddles Imt ordinarily will vary lietween r/ + 1.0 ft for very small 
liijHi 1o d + 2-5 ft for large pipe. Distance C for steel pipe iH, of course, less 
tlinn that given above by the difference in thickness of shell; for flumes it 
varies with the type of structure. The outside berm, B, should lje at least 



Pm. 11. Typical side-lull cut foi n bench for wood-nt live pipe. 

2 ft for long, bleep earth slope* on which llie excavated material cannot lie 
deposited. It can Ik 1 reduced to zero if tlic excavated material can be de¬ 
posited to the level ot the bench. 

It ib not common practice to rest the bilb partly on bench and partly 
on bidc-hill fill unless the fill has been deposited for a considerable period fur 
full self lenient. 

10. Bibliography. Thb bibliography applies to conduits in general. 
Hefereures for the particular types of coinluitb arc given in the bibliographic 
of Chapters 29, 30, 31, 32, and 33. 

1. Akmin SrnoKLiTsrTi, “The Power Conduit, 11 Ihjdmulic Structural' trans- 
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2. Jvi.ivx HjjsiDS, “Economic Size ot Pressure Conduit JSuy. Nt irh.-/fcr., Mar 
25, 1937, p. 143. 

3. Jplhn Hivdh, ‘'Economic Water Conduit Size,” Enrj. N(wx-B(c., Jhii 28 
1937. p. 113. 

4. J. M. HpwIjDinci, “Maintenance Pinriicc foi Penstock** and Plow Lines." 
Ehc triad Woild, Vnl. 120, p 16.3, Aug 7, J913. 
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1 General A pnrnl outline of the purpose end use of units in hydro¬ 
electric developments ind i discussion o( those futiucs of r inab> that an 
eoinuion to ill tipis ol conduits weie piesrntod in ( hiptei 28 

2 Economies of Design Jur successful opcrition the si/e of tlu> cuiil 
uid its velocity for i given disc huge mi> virv between wide hunts, but 



V^- 



foi mtun mills, pirtimliih lined nul roik i mils time is one si/e ouh 
whull a\i 11 in ike lor the gre itist economy oi At^un (Section l of t InpUr 2S) 
S Shape of Section Smrd t\pcs of t uuN up shown in Fig 1 There 
up of course, num other hpcs ioi spend conditions (’mils in Cirlh 
gimrilh hive 1 tnjK/ojdil scct joh finds m rork frequently hue \ci\ 
n< trlv uilitil sid<s f the sIojk oi the sides being d(teimined bv the ingle 
it wliuh the rock l>ic iks out most torn erne nth 
Crnil ills, is in Pig IT m twd onl\ where sufficient room for in ciu- 
lunLment is not u\iulible The cmil w ill shown in Fig ID is, m reality, 
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a dam, ad it lias no backfill. Ice thrust between the rock face on one side 
and the concrete on the other is a source of danger and has caused several 
failures. For this reason, dashboards have been installed to bend with the 
expansion and contraction of the ice and to relieve the 
concrete from most of the thrust. 

With given area of cross-section and given sloiie, the 
form of cross-section that will give the greatest hy¬ 
draulic radius will pfiss the greatest discharge and will 
therefore l>e (theoretically) the most economical form 
of cross-section. Thus, a semicircle would theoretically be the most eco¬ 
nomical form of cross-section but would be impracticable to excavate. It 
may be shown that for maximum hydraulic radius or minimum wetted 
pciunctcr for a trnjiczoKlul section, us in Fig. 2, 


Fig. 2. Trapezoidal 
canal section. 


d = 


I A sin 0 
^ 2 — cos 0 


ft = 2d tan ^ 
d 

r ~ 2 

in which A = urea of water cross-section; 

0 = angle winch the side slojies make with the horizontal; 
P = wetted jjerimeter; 
r = hydraulic radius = A/P] 
d = depth of water. 


For vertical sides, as in a rock cut, 0 is 00 degrees and the bottom width 
for greatest lndraulic radius is twice the depth of water. 



Fig. 3. 


ft* to O' 

*-70 54' 

Water Ana = 000°' 
Am of Etc 1600°’ 


ft- 0 42 § 
»- 10 23 1 


Water Ana * 823 5°* 
Area of En 1372 a§ 


Comparison of theoretical and practical canal cross-sections. 
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The foregoing theoretical considerations must be modified in practice, as 
other questions* of economy usually will not allow the use of that section 
which has the maximum hydraulic radius. Thus, in a deep rock cut v the 
theoretical ratio of bottom width to depth of water must be reduced to de¬ 
crease the amount of total excavation. Figure 3 shows two canals having 
equal inction loss per linear foot and equal discharge. Canal A is designed 
for the greatest hydraulic radius, while canal B, having a slightly larger 
water area, result m considerably, less excavation. It will frequently be 
found, also, that the bottoifti width may more economically lie made wide 
enough for power-shovel and track work, even nt the ex]K k nse of additional 
excavation. 

In the same way it will'be found that deep-cut and side-hill canals in earth 
will have a most economical section which does not correspond to that having 
the greatest hydraulic radius. 

The section of canal* is frequently influenced by the necessity for provid¬ 
ing agamst ice troubles, as indicated in Section 10. 

4. Side Slopes. In an unlined canal, the side slopes are determined by 
the slope at which the material will permanent!v stand under water. The 
nature of the material is a controlling factor. For example, loess may be 
satisfactorily excavated to a steep slope of 1 on V> in the dry, but w r lien in 
contact with water it will disintegrate into a fluid mass and assume a much 
flatter slope. The climate and the position of the w r ater table also affect the 
stability of the side ■dopes, 

Usualh the slopes used in cut niav safely lie steejier than the slopes of 
the same material in till. Thu-- in Fig. 1 A> it is assumed that the material 

ill stand in cut on a safe underwater slope of 1 on 1%. Then the under¬ 
water slope for the same material in embankment will probably be flatter 
than 1 on 2 for the same factor of snfety against sloughing. When the mate¬ 
rial im sind and gravel, or a very sanely soil having little cohesion, this slope 
differential does not apply and the same slope may be used successfully for 
the water luce ol the embankment as m the cut. 

Rule slopes should be made ns steep as practicable. For canals in roek the 
imlincd dopes may lie vertical or ncaily vertical. Stiff clays may lake rtloiK* 
of 1 on 1 and give little trouble in most climates. Loose elavs (unconsoli¬ 
dated) may take quite flat slopes. Sand slopes should seldom be stccjier 
than 1 oil 1% and preferably 1 on 2. In dry climates on steeper slopes the 
sand sifts down to the bottom of Ihe ditch. 

A discussion of the side slopeh required for lined canals is given in Sec¬ 
tion 11. 

5. Choice between Lined and Unlined Canals. The factors that de¬ 
termine the choice between lined and unlined canals are: 

(a) The Velocity. The velocity of the water in the canal may be great 
enough to erode Ihe banks of an unlined canal sonously. (For eroding 
velocities sec Section 7 and Fig. 4.) 
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The alternative to lining for protection against a high velocity ip pimply 
to increase the cross-section of the canal until the velocity iR sufficiently 
reduced to prevent erosion. In open country this is usually the cheaper 
procedure. 

(6) Seepage Losses. Where the* ground-water table is below the Irottum 
of the canal, and particularly in dry climates, there may be a material loss 
of water from the canal by seepage (Section 0). Many canals for both 
power and irrigation have been lined to prevent such loss. However, some 
water will cscaiK 1 even if the canal is lined. Canal linings are discussed in 
Section 11. 

6. Minimum Permissible Velocities in Canals, (a) Velocities to Pre¬ 
vent Sedimentation . The velocity of water in a power canal should not fall 
low enough to permit the deposit of silt or debris. The minimum limiting 
velocity need not generally bo given much consideration, because, ns a rule, 
the intakes fur power canals are located at the lower ends of ponds or reser¬ 
voirs. That portion of the stream-borne debris which is fine enough to be 
readily deposited will be drop]M k d ill the pond near the point where the 
rapidly moving water of the stream comes in contact with the quicsccul 
water of the pond. Hence, when the intake is from a pond or reservoir, 
material in suspension that lia« failed to settle out in the quiet w r ater of the 
pond will not settle out to any extent in the comparatively rapidly moving 
w r atcr of the canal. 

However, even in such a canal, if the water is laden w T ith «il1 or clay and 
the plant is shut down, the canal, for the time being, becomes a settling 
basin and some of the silt and clay will be deposited. One might think tlmt, 
when the plant was started up and the u*ninl velocity re-established in the 
canal, the silt and clay thus deposited would be picked up again Hut this 
does not often happen, for the reason that the transporting velocity and the 
eroding velocity for any given material are frequently quite ddTerenl. For 
sand and gravel the eroding and tiunsporting velocities are not vci\ different, 
but for clays and sill the margin is wide. Thus, if coarse sand or gravel i* 
deposited in a canal, as soon as the velocity of the w.itei lias iin*ieased to 
just a little more than it was when the material was deposited, the sand or 
gravel will be picked up again and transported with the water. Un the 
other hand, if elnv or silt is deposited, tin* velocity of the water must increase 
greatly above the velocity at which the deposit took place before the mate¬ 
rial will be picked up again. 

A mean velocity of 2 to 3 ft per second will generally lie .sufficient to pre¬ 
vent the deposit oi silt. 

(6) Velocities to Prevent Plant Growth. In some climates, the growth of 
aquatic plants and moss seriously affects the capacity of canals. It has been 
found that, when the temperature of (he water is Mow 0 r > degrees Fahren¬ 
heit, algae and moss growths are nut serum*; nor do the growths take place 
to any extent in turbid or deep water. A mean velocity nl not less than 2.5 ft 
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per second will generally prevent a growth that would seriously decrease the 
carrying capacity of ilie canal. 

7. Maximum Permissible Velocities in Canals. Velocities to Prevent 
Erosion. The maximum permissible velocity in a canal is the gicatest veloc¬ 
ity that will erode the I Kit tom and side& oi the canal Generally this limiting 
maximum velocity will determine the cross-sedion of an unlined canal, be¬ 
cause 1 an unlined canal that meets the criterion of economic conduit design 
would have a velocity high enough to erode the bottom and banks of the 
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Fro 4 Eiosinn a f loc it it s for vinous putiflr sues 

ciml Figuic 4 mdiritcs the zunr of eiosion velocities foi vinous soil grain 
si/e* from (I n to fine gruel, on the Iims ol the rci omincnried pTaetice of 
v mous engineers 

Unbind rands c lining w tlei at velocities over 4 ft per second usually 
require ripi ip lor bmk protection Riprap detail** are discussed in Section 
l(i (li ipt< i 22 

When a canal is lined with concrete, no definite maximum limiting velocity 
can bo set, piovided thit the witci dors not ciny sand, gravel, or stones 
Velocities ot 40 ft per sprond wen* succtssfulh used in n concrete bpilhvay 
(hate ot the Stnwfiein Valley ungiilion pi meet in Utah 

In using very high velocities over a concrete lining, as is sometimes done in 
a spillw i\ cirul or elimnel, it should be remcinteud th.it theie it. a tendency 
foi the rapidly moving water to pick up the blocks and move them nut of 
position, beciusc the piessurr under the blocks sometimes exceeds that of 
the rapidly moving w iter pist above. For this mson, when high velocitieb 
.n e used m such a chinnel, the conciete Wocks aie often made several feet 
thirk, espccnlly if the foundation on which the concrete blocks are laid 
consists ol sand, urivel, or soil, instead of rock. 
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8. Design of Canal Embankments. For very short power canals, it is 
usually economical and desirable to make the elevation of the top of the 
canal well above the elevation of high-water surface in the pond. This 
obviates the necessity of using control works at the entrance to the canal 
and provides for full head on the turbines during periods of high water. 
With longer canals this practice becomes uneconomical, and control works 
with gates in them are loratcd at the entrance of the canal, so that the water 
level in the ennui can he controlled if there is an increase in the level of the 
water in the pond from wlneli the canal take* its water. In such eases, the 
level of the water in the canal is also controlled by means of one or more 
spillways along the canal. In determining the proper freeboard to use for a 
canal, the surge, due to a sudden shutting down of the turbine gato, should 
be computed find allowed for (Section 15, Chapter 8), and due allowance 
should be made for possible errors in computing the depth of flow, as de¬ 
scribe! in Section 11, Chapter 8. 

Canal embankments arc merely small earth dams, and the same principles 
which apply to the freeboard above highest surge, the width of top, the slopes, 
riprap, cutoffs, etc., in earth damn, are applicable to their design and con¬ 
struction. (Sec Chapters 20, 21, and 22.) 

9. Seepage Losses in Canals. Tn canals in arid regions, seepage lo«*cs 
are a matter of great concern; but in power canal* in most climates the 
losses due to seepage are ralher insignificant. The seepage of water from 
embankments is discussed in Scrtion 8 of Chapter !1 and Sections 14, 15, and 
16 of Chapter 20. 

A canal which is largely below the ground-water surface, other conditions 
bing equal, will have practically no leakage. Tn dry climates ground water 
is often a valuable source of irrigation water. For this reason the seepage 
from a power canal which replenishes the ground-water supply is often 
economically justified. 

A canal which has a great deal of embankment requires attention to make 
it sufficiently watertight. Such canals may often be effectively tightened 
by (a) comparting the sides and bottom, fft) an inexpensive treatment with 
bentonite, or (r) treatment with hydrated lime (Section 11). 

10. Ice Trouble in Canals. Shallow canals in cold climates sometimes 
give a great deal of trouble in the winter because of ice, especially if the canal 
is long as well as shallow and the water flows at a relatively high velocity. 
Under such conditions the velocity is high enough to prevent the ranal from 
freezing over to any greal extent, with the result that frazil or anehor ice* 
often forms in considerable quantities, giving a great deal of trouble at the 
racks and sometimes at the unit itself, and frequently causing a shutdown 
of the plant. For these reasons, some other tyjK 1 of conduit is sometimes 
selected in preference to a canal for a project in a cold climate, even where a 
canal would apparently be the, most economical. 

♦Far definition see Section 6, Chaptci 27. 
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However, ice troubles in canals can t>e obviated or at least reduced to an 
insignificant minimum by suitable design, construction, and operation. It is, 
Ihcrefore, not sound judgment to omit entirely the consideration of their use 
in a cold climate when a real saving could be effectcd thereby. 

Narrow, deep canals are subject to fewer ice troubles than shallow, wide 
ones of the same capacity. 

Other considerations, such u* maximum economical loss of potential energy 
and maximum velocity for safety against erosion for the malenal through 
which the canal pusses, will generally lmnt the maximum velocity in the 
canal cross-section to 3 or 4 ft per second. Under such conditions the velocity 
at night, when the load on most hydroelectric plants is at the minimum, will 
be 1 but a small part of this, and the ice sheet will usually form before there is 
very much trouble from frazil or anchor ice. Generally speaking, the mini¬ 
mum vclocily in the canal .should be less than 1.5 ft per second in order to 
l>ernut the formation of an ice sheet. With paper mills and chemical plants 
having a large night load, it is frequently desirable at the lieginning of a mill 
snap to shut down or run light fur a night or two in order to permit the ice 
sheet to form. Once an ice sheet has funned on a power canal, there is seldom 
any further trouble from frazil or anchor ice. 

AsMiiumg that the construction of the intake to the canal is such that ice 
cakes are not permitted to enter the canal, ice should rot out of a properly 
designed and coiMrucled canal without miming much trouble. Whim the 
intake is located in a river that carries large quantities of cuke ice, like the 
St. LawTence, Niagara, or Susquehanna, the water is sometimes drawn 
from the bottom of the river at relatively low velocity. The direction of the 
current to the intake is often at approximately right angles to the surface 
current. The surface current of higher velocity then carries the cakes of ire 
past the intake. This arrangement is sometimes facilitated by excavating 
grooves in the bottom of the river to aid in conducting the lower stratum 
of water to the intake. Also, provision for a skidway to take care of cakes 
of ice should be made in the forebay near the intake to the penstocks or 
powerhouse. 

11. Canal Linings. As mentioned in Section 5, canals ore lined with con¬ 
crete or other impervious material to control the seepage and to permit higher 
velocities. It should bo noted that the excavation of the cross-section for a 
lined canal will usually bo much le*s than the excavation of an unlinrd canal 
for the Bainc project, for the following reasons: 

(o) A lined section will ghe a much lower value of Kutfer’s n than an unlined 
Beet ion. 

(5) A lined section will i>cnnit the use of a velocity giving an economical loss 
of head, instead of a velocity limited to the maximum for which the given 
material is wife against erosion. 

(1) Plain concrete slab linings are frequently used for lining power canals. 
For this purpose the roncrete is generally a 1:2:4 mix or even richer. One 
method is to form flat-slab panels 4 to 6 in. thick and from 10 to 20 ft long 
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Bituminous filler 




X IX dry 




Bituminous coating 
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which are placed against trimmed earth slopes. The advantage of dividing 
the lining into panels is to provide for the possibility of settlement or heav¬ 
ing of the material beneath. Thus the panels would move individually and 
eliminate the oracks that would occur in a monolithic lining under the same 

conditions. The division into panels also 
provides for expansion and contraction 
due to temperature changes. The panels 
are staggered to avoid a continuous trans¬ 
verse joint. 

An effective manner of securing water¬ 
tight joifits between the panels is indi¬ 
cated in Fig. 5. The type of joint used 
may very well affect the cost of the lining. 
In type 5(a), the wooden strips make an 
effective and economical expansion joint. 
They are dry when put in place at the 
time of pouring of the concrete. They 
gradually take up water, swell, and be¬ 
come very tight. When the panel con¬ 
tracts, the contact between the concrete 
and the wood provides an effective water 
seal. The objection to the use of wooden 
strips is that they will decay if not kept 
continually wet. However, in a power 
canal, where the strips will usually be 
kept wet at all times, they may be ex¬ 
pected to last indefinitely. Type 5(b) 
consists of a 4- to 6-in.-thick sill at the 
joint and level with the underside of the 
slabs. The surfaces of contact are coated 
with bituminous material. When the 
panels expand or contract, they slide on 
the sill and maintain watertightness. In 
this type of joint the sills can be installed 
in advance of the slab construction. In 
type 5(c) the keyed joint- allows move¬ 
ment of the slabs but also keeps them in 
alinement. Bituminous filler is placed as 


f Bituminous coating 
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Bituminous Mien ^Mortar 
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'Copper water atop 


Bituminous coating. 




Fin. 5. 


6* to 8* 

Typical joints in concrete 
canal linings. 


shown to insure a watertight joint. Type 5(d) is similar to type 5(b) ex¬ 
cept that the gill is part of one slab. This type is used with reinforced- 
concrete slabs. The joint of type 5(c) requires a copper strip imbedded in 
the ends of both slabs in the form shown. The cavity is filled with a bitu¬ 
minous material and covered with a cement mortar to make a smooth finish. 
This refinement is undesirable in most cases. In locations where the concrete 
lining is always wet. and in the dark, the.yielding rubber seal, shown as type 
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5(/), i« believed to be permanent. Under other conditions it should never 
be used. Many other variations of the types shown in Fig. 5 are possible to 
make up a watertight expansion joint. 

(2) Reinfo rced-concretc linings are made in a thinner layer than the plain 
concrete slab linings. They are generally Laid down monolithically without 
the um? of expansion joints, or else tlu^e joints are spared very much farther 
apart. It is churned that a lining of this sort is tighter than one in which 
slabs are used The steel probably causes the concrete to open up in a large 
number of minute cracks instead of in a few large cracks as it would if no steel 
were used. The thickness of conrrete varies from 1% in. to 3 in. The stool 
reuiforrement consist* of wire cloth or expanded metal and is luid in posi¬ 
tion on the timimed earth slopes and supported by means of chairs, small 
blocks of mortar, or strips of wood. The concrete is then ]>ourcd, care being 
taken to retain the reinforcement in the concrete instead of allowing it to be 
pressed down against the earth by the weight of the fresh concrete. To 
msui c this, it is often necessary during the pouring of the concrete to tak* 1 a 
hook, pull up the reinforcement, and joggle it so that some of the concrete 
got 1 - underneath. 

When the slope of the concrete lining is 1 on 1 or flatter, it is better and 
more economical to place it without the use of forms using a fairly stiff 
mixture mid tamping it into place The surface should be floated and 
troweled A very smooth suifaee having a low value for Kutters n ran be 
obtained m this wav. When the slopes are steeper than 1 on 1, forniH are 
generaIIv used; here a wetter mixture becomes necessary. Tlic steed ratio 
generally used for such linings is about 0 3 r ?. The concrete mixtures used 
arv from alwnit 1:2:4 fur the greater thickncNses of concrete to mortars 
without anv stone or gravel for the lfe-in thicknesses. The mortars used for 
this purpose vary from 1 to to ns lean as 1 to 5; a mortar as lean as 1 to 5 
is not recommended but has boon used. The real advantage of these thin 
rcinfnrced-concrete linings is that they are cheaper than the concrete panels. 
Ail imremforeod-concrete lining as tluii as this would soon disintegrate in 
most climates. The addition of the steel holds it togelhcr, and an effective 
lining is generally secured cxrept under conditions wheie the frost action 
is especially severe. 

(3) "(Junite" conrrete linings Inve been placed in varying thicknesses 
from Vi to 2 in. or greater. After the slopes have l»eeu trimmed to grade and 
all loose earth or other maleiial has been removed, steel mesh reinforcement 
m laid m place, being .supported by means of small precast mortar blocks 
which have pieces of wire, for fastening to the reinforcement, cast in them. 
Chairs or other suitable means may also be used in heu of the mortar blocks 
tor supporting the reinloieement m pla.ee. The cement gun is placed in posi¬ 
tion neur the work and the gumte is shot on. When the gumte is built up to 
the required thickness, all relwmml material is removed and the surface is 
troweled smooth. This method gives a very strong and impervious surface. 
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(4) Mopes for Concrete Linings. The slopes used for the concrete lining 
at the sides of Ihc canal vary from 1 on 2 to 1 on V± for cuuals in earth. The 
selection of flic slope used should lie governed by the nature of the material on 
which the concrete lining must be placed. Thus a clayey material, which is 
likely to become partly saturated at times owing to the 1 presence of ground 
water, would require that the concrete lining have a flat slope 1 . On the other 
hand, if the material is sandy and free-draining hut with enough cohesion to 
have a steep angle of repose, the concrete lining may lie placed on a relatively 
steep slope. For canal linings in rock, the sides are frequent 1> made nearly 
vertical. 

Any lining built on a slope steeper than the angle of repose of the under¬ 
lying material should be designed as a retaining wall. 

(5) Dnn«flj7c of Concrete Lmings. Care should be taken that concrete 
linings are well drained if ground water is some distance above (he bottom 
of the canal; otherwise the lining may bo moved by the pressure of water on 
the underside when the eanal is emptied. This is particularly likely to occur 
on the uphill side of side-lull canals. In very cold climates the lining may lie 
moved by frost action when flic canal is cmplv, even if the water pressure is 
insuflieient to eause damage. Effective drainage may be obtained either by 
loose slone or by open tile drains under the eanal floor which discharge at 
suitable intervals. 

(6) Miscellaneous materials for linings such as stone, wood, clay, and 
stabilized earth have l>een used with Mime success. Stone laid ill mortar is 
rarely employed. Wood linings are occasionally suitable for temporary serv- 
ire. (lay sometimes serves as a lining for the bottom of canaK but such 
material is readily eroded, particularly during the emptying and filling of the 
canal. Earth stabilized with hydraulic cement mixtures, asphaltic com¬ 
pounds, and earth materials is being developed as a low-cost lining, especially 
in irrigation work. 

(7) Economics of Linings. The cost of flic lining should Ik 1 credited with 
to) the sum of the capitalized annual value of Die energy which would Ik* lost 
through seepage if the canal were not lined; (fr) the capitalized annual value 
of the energy wived b> less friction loss in the lined eanal; ami (r) the differ¬ 
ence in cost of excavation lietwcm the unlined and lined eanal (plus or 
minus). 

12. Canal Spillways. When side streams are allowed to discharge into 
long canals and when abnormal surges must be taken rare of wi bout a mate¬ 
rial rise in the wafer surface of the eanal, spillways along the canal are used. 
These are generally located near the powcrhou.se or in the furebav; hut if 
the canal is long and there are a number of side streams discharging into it, 
it inay be necessary to have several spillways distributed throughout its 
length. Such spillways are usually small overflow masonry dams. Where 
larger quantities of water must be passed through a limited lengUi of spillway 
crest, siphon spillways, as descril>cd in Section 7, Chapter 26, and spillways 
surmounted by gates, as described in Section 10, Chapter 26, arc used. 
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13. Side-stream Tributaries. When a canal is built along a side bill, 
the brooks and small streams discharging front the hills are sometimes per¬ 
mitted to discharge directly into the canal. Where the country is steep, such 
streams will usually have a high velocity during rains and will carry a large 
amount of silt and debris, which will often be deposited when the swiftly 
moving water of the brook impinges on the relatively Blowly moving water 
of the canal. Under such conditions, the stream should be passed through 
a culvert or inverted siphon under # the canal and not allowed to enter the 
canal at all, as the deposit jbf debris at the mouth of the stream in the canal 
will either have to be periodically removed or will form a submerged dam in 
the canal which will seriously affect the carrying capacity of the canal. 

Where the canal ‘ embankment crosses relatively long and wide stream 
valleys, the same objection does not exist, for a considerable pond is thus 
created and the debris will be deposited near the upper end of the pond 
where the stream enters it. Eventually, of course, the pond may be jilted 
up, and this factor should also be given consideration. This may not be 
important, however, because of the length of time usually required for the 
pond to silt up to such an extent that deposits will begin to take place in the 
canal. Moreover, as the depth of water in such instances is usually very 
great, scouring sluices can be arranged in the base or sides of the canal to 
remove deposits. 

Large ponds formed by side streams are quite desirable, particularly at the 
lower end of the canal, because of their ability to act as regulators to supply 
the peak demand, allowing the canal above them to be designed for less 
than the peak flow. 

14. Sand Traps and Desilting Basins. When the intake for the canal 
is at a diversion dam in a rapidly flowing river, the velocity of the water 
in the canal may, at times, be very much less than that in the river, and 
under such conditions deposits in the canal are likely to occur. Even if the 
velocity in the canal is high enough to keep the sand in suspension, the re¬ 
sulting wear on the sealing rings of the turbines may be serious, increasing 
clearances and decreasing efficiencies. To obviate this difficulty, the use of 
sand traps and settling basins has been introduced. The problem is much 
the same as that presented in the design of settling basins and coagulation 
basins in filtration work, except that the permissible velocities are much 
higher. When there is a terminal pond or a large forebay, the velocity 
through either is so low that sand of a size to injure the turbines is deposited. 
If the forebay is utilized for this purpose, special means for removing the 
sand, akin to those described below, are frequently advisable. 

In the design of settling basins, silt particles less than 0.05 mm in the 
water diverted through the turbines are considered too fine to cause appre¬ 
ciable wear on turbine parts. The length of settling basins depends upon the 
settling velocity of the silt particles. The settling velocity, which depends 
upon the size, shape, and specific gravity of the particles, can be determined 
by experiments on the material in question. On the basis of the data for the 
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design of the desilting works for the All-American Canal, discussed later, the 
minimum lengtli of setthng basin, l, may be taken as l = 2l.5rf, where d is 
the net depth of the basin above the silt deposit just before the «lt is re¬ 
moved from the basin. 

The velocity in the channel of 0.22 ft per second, required to settle out 
particles 0.05 mui and larger, can bo obtained with a wide shallow basin us 
indicated m Fig. 7, or a narrow deep one. There must be sufficient space 

Riffle dot lectori a 

Vortex tubesy /7_ _ 


i Font hrfdaa- 



Fio. 6 The "riffle defied or-vortex lllbp ,, s»nnd trap (IT A Hurt Rand Traps in 
Op<i\ and Clwit tl Cunduith, unpublished) 

Mow the net depth, rf, to Teceive the hilt so deposited; this space dejiends 
U]jon the amount of silt expected, the interval of tune desired lietwecn periods 
of lemoval, and the method of removal. A spare basin must be provided 
if continuous flow is desired. 

Great care must be used in distributing the velooilj* tliroughout the cross- 
section of the settling basin so that all parts of the cros«*-scrtion have prac¬ 
tically the same velocity. Otherwise, ciosscurrcnts will l>e produced and will 
pievent the deposit of a large part of the sand This even distribution of 
velocity may be accomplished by means of a baffle wall or submerged weir, 
as is common practice in settling basins for fill ration plants But such de¬ 
vices require a loss of head of several inches, whieh is, of course, very objec¬ 
tionable in a power canal. 

Figure 6 shows a sand trap developed by U. L. Parshall [9] for the Soil 
Conservation Service of the United States Department of Agriculture, in co- 
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operation with the Colorado Agricultural Experiment Station at Fort Collins, 
Colo. This “riffle deflector-vortex tube” type of sand trap is designed for the 
removal of materia) of varying degree of fineness. Ajp indicated in Fig. 0(a), 
the riffle deflectors, shown in detail in Fig. 6(d), move the bod load toward 
the vortex tubes, shown in detail in Fig. 6(e). The vortex tubes trap the 
material and discharge it into the middle chandxsr where it is drawn off 
through a rectangular durt. This type of sand trap has shown practical ap¬ 
plication, in both small and large channels with a discharge ranging up to 
1000 cu ft per second, for handling material ranging from very fine sand to 
small cobblestone, and has indicated an efficiency as high ns 00% in the re¬ 
moval of sainl. For channels S to 10 ft wide, the riffle deflectors should be 
on one hide, with the vent ex tubes and outlets on the opposite side. 

The expense of removing silt from the All-American Canal formerly approx¬ 
imated a million dollars a year. The Bureau of Reclamation was determined 
to remedy this almost intolerable excuse and designed and constructed the 
riesdfing I ms in at Imperial l)nm [N|, the canal intake from the (Colorado River. 
As indicated hi Fig. 7, the desilting works consists of a series of six nettling 
basins arranged in pairs with a separate channel feeding each pair directly 
from the headworks at the dam. Each liunn is approximately 769 ft long, 
126!) ft wide, with ail average depth of 12.5 ft, and is set at ail angle of 00 
degree- with the main channel. The influent channel for each pair of settling 
basins lias a diminishing cross-section with specially designed vertical slots 
in the rlmnnel wall- to give ail even distribution of the velocity through the 
basins. The waller flows actors each basin and over a w T eir, where it is col¬ 
lected in an effluent channel and led into the canal. Each effluent channel is 
also designed to operate as a hy-pass channel if it shoidd be neeessary to tako 
a settling basin out of service. 

The desilting ivorhs at Imperial Dam were designed for a total flow of 12,000 
‘.(•(•-ft. A maximum velocity of 0 22 ft per second across the settling basin 
and u detention ]>cnud of 21 minutes is required for the removal of till silt 
down to 0.05-inin particle size. Dorr lotarj-lype scrapers, 125 ft in iliameier, 
peril]** the deposited silt inlo collecting trenches at the ]x*destals. With a 
0-ft hydrostatic head, the sludge, a solution of 10% silt con cent rat ion, is 
sluiced from the pedestals to the main collector piiw 1 **. Each basin has its own 
concrete sludge-pipe gallery or tunnel whieh carries u main collector pipe send 
directs the flow' of sludge into the river below the dam. 

15. Bibliography. 

1. V. L. Stuiiktlh. “Economical Canal Cross Sections,” Trans, Vol. 

110. p. 421. 1945. 

2. E. W. Lank, “Stable Channels in Eiodihle Material,” 7V</mh. A Ji.CJS., Vol. 
102, p. 123. 1937. 

3. W. L. Chadwick and (1 E. Ahc'iuhald, “Machines and Methods for Canal 
Constiurtion, Cukmidu Ri\or Aqueduct Civil Eng., February 1938. p. 104. 

4. H. A. E'nuiKVKKin, litigation Pmctin and Enginpt ring, McGraw-Hill Book 
Co., New York, Vol. 2. 



632 CANALS [Chap. 29] 

5. Samuel Forties and F. C. Scobet, “Permissible Canal Velocities,” Trans. 

Vol. 89, p. 940, 1920. 

6. W. R. Young, “Low Cost Linings for Irrigation Canals,” Eng. Ncws-Rec., 
Frb 6, 1947, p. 64. 

7. C. 8. Hale, “Improved Trimming and Paving Equipment Used on the 
Coachella Canal” Eng. News-Rtc. t Vol. 137, p. 596, Oct. 31, 1946. 

8. D. M. Forester, “The Demiting Works at Imperial Dam,” Reclamation Era, 
August 1938, p. 152. 

9. H. A. Burt, “Sand Traps Designed for Streams with Heavy Bed Loads,” 
Civil Eng., August 1946, p. 357. 

10. H. Dufour, "Le Dessableur de l’usine de Cardano,” Bull. tech, suisse ro- 
manda, Vol. 58, p. 68, March 19, 1932. 



CHAPTER 30 


FLUMES 

1. General. The use of flumes in connection with hydroelectric plants 
wan, in IMS, of minor importance in the United Stutes as compared to 40 
yearH lieforc; but in newly developed count rich where find cost may be of 
major im]>ortdncc they are worthy of consideration. 

Those leatiires of flumes which arc common to all types of conduits are 
discu^ed in Chapter 28. 

2. Types of Flumes. A flume is simply a long trough of wood, concrc te, 
or steel, supported on or above the ground surface, and used to convey 
water. Steep, rocky hillsides heavily wooded and with light soil cover, to¬ 
gether with a necessity lor low first ccnI, would favor the selection of a 
wooden flume made from lumber sawed on the ground. A similar topog¬ 
raphy, but without the tinil>or and with the presence of suitable concrete 
materials, would favor the in* of a reinforml-eunerete flume, or, if suitable 
concrete materials w r ere not present, the use of steel flumes. 

3. Economic Design. For successful ojieration, the size of a flume foT 
a given discharge may vaiv bctw’ccn wide limits; but there is usually one 
mzc which will make for greatest economy of design (Section 4, Chapter 28). 
In flumes there is no practical limit to the velocity, as' it is always determined 
by the principles of economic design unless the conditions are unusual. Usual 
velocities are 8 to 10 ft per second. 

4. Freeboard. The freeboard, nr elevation of the sides of the flume above 
calculated high-w T ater surface, is almost invanablv used to provide a factor 
of safety to cmer inaccuracies in the determination of the water surface. The 
Freeboard should also lie high enough to retain the surge due to a sudden 
shutting down of the turbine (Section 15, Chapter 8), unless the overtopping 
of the sides under such comlitioiib avouM cause no damage. 

For very short flumes it is usually economical and desirable to make the 
sides of the flume at least as high as ordinary high-water surface in the pond, 
to insure full head on the turbines when the water rises. If the flume cannot 
he overtopped without damage, the sides must be carried throughout to or 
above highest water surface in the pond, or control gates must be installed 
at the intake to limit the discharge into the flume. 

Such control gatcb are invariably used for very long flumes, and the head 
due to high waiter is sacrificed for reduction in first cost of the flume. Under 
such conditions, spillways should be provided at convenient places to dis- 
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10 to 15 years less than ior <i wood-stave pipe under bunilar conditions, be¬ 
cause wood-stave pipe, being under some pressuie, ib more nearly completely 
saturated at ail timeb. Crcosoting increases the life of wooden flumes by 50 
to 100%. 

Two types of wooden flumes nio indicated m Figs 1 and 2. The lining 
should be of good-quality tniilicr, free fioin waips and knots, md should have 
a thickness of 1^ in or more, even foi sin ill flumes, since thinnei hoards tend 
1o warp or crack Supporting Ironies, 'f used, should lie made sufficiently 
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(liedud Pipe and Tink Co) 


strong to icsM oveituiumg Iq wind ictiun in addition to ciming the water 
loul The tnslle bent- ue pukiibh -upporlcd on concrete piers 

A re (1 ingul ii wooden flume is liuiu ited m Fig 1, consists oi critical studs 
to which the suit 1 igguig is null el, md sills, to which the flooi 1 egging is nailed 
(hnei ilh the sills i\1cnd beyond tlie studs md ue clipped it the ends to take 
'll llii ust f i om inclined hr ice- supposing the studs The stud-' ire usuilly 
dso seemed b\ being tied icios- the top ul the box, is shown m Fig 1, eithei 
b> i md oi i timber bolted lo the studs The ligging tor the lining, as mdi- 
c ill el in Fig 3, iin> be fa) buM-ind c liked with oikum and pitch, (h) ship- 


j -Cmlktd at ft XLkit~t and ptef- 




( 4 BuH tna laj? nq (t Vp lap lapgng (t) 




U} Double limn# f * J 

Fie, 3 Vinous types of 1 igging foi limbei flumes 

lap, (c) tongue- md-gi oa\ e, (e/) double lining, oi (<) butt-end with splines 
The butt lagging, with splines eithei of gocxl-qudity tindier or of galvanized 
steel, when piopnh con-tiuctcd, is the' most de^irihle Watertightne^s at 
the end joints is somedlines seemed with bittens or splines or by calking with 
oikum and pilch 

Ii the flume is on a bench cut in a hillside, the sills miv rrst directly on 
tlie ground or on hleieking Broken stone oi eoirse gn\el under llic sills, to 
facilitate drainige, prolongb then hie If the flume is on a treslle, the hills 
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rest on longitudinal stringers, as 
shown in Fig. 1, which carry the load 
of the flume from trestle bent to 
trestle bent. The span between bents 
is usually from 12 to IS ft. 

The details of the semicircular 
wood-stave flume, shown in Fig. 2, 
and the method of construction are 
similar to those of wood-stave pipe¬ 
lines (sec Chapter 32). All slaves 
nifd cradles should be creosoted to 
pruniote long life. As indicated in 
Fig. 2, there is a horizontal yoke, or 
spreader, to which the steel rods that 
routine the staves ure attached. The 
spacing of the cradles is usually 8 ft 
center to center. 

6. Reinforced-concrete Flumes. 
Rcinforccd-concrete flumes arc almost 
invariably the most expensive type 
but also the most permanent and 
satisfactory. Figure 4 shows a flume 
designed as a rigid-frame structure. 
Reinforced-concrete flumes are more 
frequently built as bench flumes, 
thereby saving on the cost of the 
trestle. 

7. Metal Flumes. Metal flumes 
may he constructed either as the rec¬ 
tangular or the semicircular type. 
In the rectangular type, the sides arc 
usually designed as plate girders to 
rarry the load of the flume and its 
contents and are sometimes tied 
across the top with steel rods or an¬ 
gles. The semicircular type is widely 
preferred to the rectangular typp lie- 
cause it is cheap, light, easy to con¬ 
struct, and reasonably watertight. 

Several jmtented types of semi¬ 
circular steel flumes arc on the 
market. They are composed of 
sheets of metal and are made in sizes 
running from about 1 ft to about 
20 ft in diameter. 











- * J Section B-B 

(c) Type of steel substructure for metal flumes of medium height 

5 Details of a scmuiirulii metal flume (Annco Drainage and Metal 
Products, Handbook of Wutir Contiol , 1916) 


A rod 01 light curved clnnnel (inside compression bar) then fits into the 
groove on the inside of the flume, and two outside clamping rods fit Around the 
flume on the outside of the groove The outside rod*? are thicoded at their 
ends and piss through a hanger plate on the stnngrr By screwing rip the 
nuts on the outside clamping rods, the sheets are pleased tightly together be¬ 
tween the inside compression bar, which is seated against the hanger plate, 
and Ihesc outside rods The recess in the joint is filled with an elastic com¬ 
pound to make a smooth interior surface. 

Metal flumes are sometimes eroded by wnter laden with dftrns The ero¬ 
sion is usually eontioiled bv treating the interior surface with coal-tar enamels 
every 3 or 4 years 
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CHAPTER 31 


STEEL PIPE 

Carl IT. Sclivman* and Harry C. Boardman, t collaborators 

1. General. A general outline of the piiqmfic and use of pipes in hydro¬ 
electric developments Mini a discussion of those features of pipes which are 
common 1o all tyjx's of conduit are presented in Chapter 2K. The pipe be¬ 
tween the forebay and the surge lank is commonly called the “high line con¬ 
duit," and that between the surge tank and the turbines is called the "pen¬ 
stock." 

2. Types of Pipe. The two main type* of steel pijie used in hydroelectric 
developments differ only in the kind of joint s', i.e., "riveted pipe" and “welded 
pipe.” In the older installations, before 1030, riveted pipe was much more 
common. By 1!47, most installation' were of welded construction. Examples 
of such installations are: the TT. fi. Bureau of Reclamation development al 
Hoover Dam in Arizona-Ncvada; the Aluminum Company developments at 
iSlnp'huw in Quebec and at Nantahala in North Carolina; the Southern Cali¬ 
fornia Edison Company developments at Big Creek in California and in 

onnessoo; and the Tennessee Valley Authority developments at Fonlana 
Dam and Apnlachia Dam. 

In the main, a well-designed and fabricated welded job is the lightest 
job. (Sood welded construction produces a finished job of lower hydraulic 
lov than a riveted pipe of eipial size. 

3. Loading. Loading influences particularly the thickness of plate and the 
longitudinal joints. Loadings comprise the pressure, l>oth htatie and dynamic, 
which includes the weight of water in the pipe, water hammer, and the weight 
of the pipe itself. The maximum internal pressure lor which closed conduits 
must be designed consists of the maximum static water pressure, plus the 
maximum water-hammer pressure due to sudden reduction in velocity, plus the 
maximum excels pressure due to fluctuations in the water surface in the 
surge tank. The theory of water hammer ic treated in Chapter R4 and the 
excess pressure in the conduil due to surges in the surge tank in Section lfi 
therein and in Section 7 of Chapter 35. 

♦Carl H. Schemun, C.E., member, American Society of Civil Engineers, Con¬ 
tracting Engineer, Chicago Bridge and Iron Company, New York. N. Y. 

t Hairy (\ Hourdinuii, C.E., mcinlier, American Society of Civil Engineers, Di¬ 
rector of Research, Chicago Bridge and Iron Company, Cliicago, Ill. 
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The equation for the thickness of thin cylindrical shells under internal water 
pressure may be written as 

‘- 2 Jr 


where h = the pressure at the center line uf the conduit, due to all estimated 
loadings, in feet of water; 
d = the diameter of the conduit, in feet; 

S = the permissible stress in steel, in pounds per square inch; 

E = the longitudinal joint efficiency expressed as a decimal; 
t = the required steel plate thickness, in inches. 


Stresses due to partially filled pipes tending towards distortion and to reac¬ 
tions at anchorages, supporting saddles, and rings create additional problems 
that must be solved. 


Fig. 1. 
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Method of pioviding a mm gm fm maccuiacie^ m surge-pressure emupu- 

tuLlOllh. 


The service strosH in the steel members of any structure should never exceed 
the elastic limit. The unit stress used in designing is chosen less than the 
elastic limit to provide a margin against errors in analysis and estimated 
loadings, and delects in materials and construction. 

The usual practice of adopting a low unit stress to compensate for inac¬ 
curacies in the loading assumption is not applicable to conduits for hydro¬ 
electric developments, since the percentage of surge, or load abovo static, is 
not constant along the conduit. In Fig. 1 A, the line AC is the computed 
surge gradient (water hammer or surge in pipe leading to a surge tank). 
The ratio of the computed total head to static head is indicated in Fig. IB, 
where it is Hecn that the computed total head is 200% of static at D and only 
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150% at h Consequently, a conbUnt nominal factor of safety to allow for 
errors m computed load would be erroneous, since an error of 50% m the 
computed surge would result m an increase m stress of 25% at D and only 
16 7% it E 

It is theiefoie recommended that the computed surge pressure be increased 
b> i constant percent ige, as in AG Fig 1 A to allow a margin for iniceuracieb 
in its computation, and that the working unit stress in the conduit, based on 
gi nlicnt AG be lower than the elastic limit onl> by in amount sufficient to 
allow for defects in nntenal and fibuntion A constant thickness, usually 
Hrn.miy be added to the pi ites of steel pipes to allow for corrosion 
The constant percentage to be idded to the computed surge m order to 
obi un gradient AG vine's with the existing conditions The pressure due 
to surges in a surge 1 ink i* pnrtic ill\ correct Pressures in pipelines due to 
w iter liunmer presume required to ucclcntc the v itoi in the nscr pipe of a 
singe t ink ind to witcr-hiniiner presumes in iienstocks t innot lie dcier- 
niincd evicllv Kuominendtd pi runt ages arc gnen m Section 17, Chap¬ 
ter 34 

T\I3L1 1 

Ptitsiiai Piioi i rties oi Mstjktais roa Steel Pip* 



Semi 




lield Point • 


lXblgl LtlOD 



lit mate 


— 

Item 

of Am nc u 

S rtv for 

I will fc. 
Mittruls 

Specific itioii* 

Gridi 

IVusilt 

Sti >u,tb nun 
lb pi r oq in 

Pirrent 
age of 
tensile 
Strength 

Minimum 
Not Iabb 
lhan lb 
prrsq in 

Wtlded pipt 

A 283 4b 1 

Icntatne specifintinns 

A 

45 000 to 15 000 

50 

24 000 



for low uil irtrnmdi 

B 

50 000 to 60 000 

50 

*7 000 



all tcumle Htren^tk ear 

C 

o5 000 to 65 000 

50 

30 000 



bon steel plates of 
structural quality 

D 

60 000 to 72 000 

50 

S3 000 




flange Sled 




Hi\it d ilul | | 

V50 4(1 

Standard hi euficatioi i 

flange 

56 000 to 05 000 

50 

27 500 



for \ oiler and firth a 

A I in box 

56 000 to 65 000 

50 

27 500 



btcel for looomot \cs 

B firebox 

48 OOOto 58 000 

50 

34 000 


A31 40 

standard spt ufiiaLinus 

A 

45 000 to 55 000 

50 

22 500 



for boiler rivet steel and 
rnets 

B 

58 000 to 65 000 

50 

32 000 

Stedmtingb 

A-7 4br 

Tentative BpmficitiOM 

LflO m 

60 000 


30 000 



for mild to medium 

60-00 

60 000 


30 000 



strength carbon steel 

66 80 

65 000 


30 000 



cuttings for general op- 

65-00 

65 000 


35 000 



I licati jd 

70-86 

70 000 


30 000 


* The yield point given u tbie table u the communal daafao lumt 
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TABLE 2 

Economical Diameter of Pipe 

Head 100 ft; length — 100 ft. 

Q ■*= 200 cu ft per second — average discharge, 
e — 0.80 “ over-all average efficiency of equipment. 

Hf — line 4 — loss of head in feet at Q. 

C ™ 2.0 — factor to correct loss of head at Q to average conditions of loss 
of head. 

T - time - 8760 hr - 1 year. 


1. Diameter of pipe in feet 

6.5 

6.0 

6.5 

7.0 

7.5 

8.0 

2. Construction costs 

$5,300 

$5,900 

$6,510 

$7,100 

$7,710 

$8,300 

3. Annual operating costs 

135 

150 

1G5 

180 

195 

211 

4. Loss of head in feet 

0.260 

0155 

0103 

0.072 

0.052 

0 038 

5. Annual lost energy in 
kw-hr 

62,000 

37,000 

21,600 

17,100 

12,400 

9.000 

6. Value of energy lost at 
10 mills per year per 
kw-hr 

$620 

$370 

$240 

$171 

$124 

$90 

7. Increments of increased 
gross return for each 

0 5 ft increase in di¬ 
ameter (from line G) 


$250 

$121 

$75 

$47 

$34 

8. Increment of increased 
operation chaige for 
same conditions 
(from line 3) 


$15 

$15 

$15 

$15 

$16 

9. Increment of increased 
net return foi same 
conditions (line 7 mi¬ 
nus line 8) 


$235 

$109 

$60 

$32 

$18 

10. Increment of construc¬ 
tion costs for hame 
conditions (from line 
2) 


$600 

$610 

$590 

$010 

$590 

11. Per cent net return on 
in crement in vch! mont 
(line 9 + line 10) 


39.2 

17.9 * 

10.2 

5.3 

3.0 

12. Average velocities in 
pipeline 

8.4 

7.1 

6.0 

5.2 

4.5 

4.0 


* Approximate most economical size of pipe for given assumptions. 


Lone 2. The cost is assumed for pipe with 100-ft head. Figures are only for 
illustration. 

Line 3. Annual operating charges include operation, maintenance, repairs, taxes, 
depreciation, and all other annual charges affected by the diameter. 

Line 4. Loam of head is the loss of head for the average discharge using tables for 
fairly smooth pipes. 
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J jine. 5 . Loflt energy is computed from formula: kw-hr — QCHfcT/ll.fL 
Substituting in this formula, line 5 — 238,000 times line 4. 

line 6 . For the purpose of thin example 10 mills per year for kw-hr was used as the 
value of the energy. The value of the energy will vary greatly between plants and 
will vary at any one plant depending upon whether the energy is base or peak. 
Base energy may be worth only 4 mills while peak energy may be worth 12 mills. 

Lines 7 to 11 are explained in the table. 

The 17.0% return on the investment in line 11, to increase the diameter from 6.0 
to 6.5 ft, is the average rale of return Ifor all infinitesimal increase between 6.0 and 
6.5 ft anil is approximately the actual rate of return for a small increase at 6.25 ft. 

Inasmuch os it iR assumed that, under 1048 conditions, a return of 15% is desirable 
in order to justify an incremental capital expenditure, our conclusion is that the 
pipe selects! should be ah (Alt 6.5 fl in diameter. 

Where the units an 1 of large water capacity, there is usually one pipeline per unit. 

The recommended working stress for use in steel-pipe design is 50% of 
yield strength as given in Table 1. This table gives the specifications of the 
American Society for Testing Materials, which are usually applied to the 
steel for piiio. The lower-strength Meels arc recommended because of their 
greater ductility and workability. 

The problem of design depends somewhat on whether the weight of the 
pijM 1 and its contents is transmitted to the piers through saddles, which cover 
only part of the ciicumference, or through ring girders, vvhirh encircle the 
])ijk*. Modern design, discussed in Section 7, uses ring girders. 

4. Determination of Economic Diameter. For successful operation, 
the size of the pipe, for a given discharge, may vary between, wide limits, but 

here is usually one size that will make for the greatest economy in design, 
lSee also Section 4, Chapter 2K ) Penstock velocities mav range from C to 20 
ft. per second. The typical velocity for medium-head plants is about 12 ft 
l»or second for maximum plant discharge. (See also Section 19, Chapter 38.) 
The sliajie of the load curve will have considerable influence in determining the 
maximum economic velocity. Thus, if the peak is of very short duration, it 
may be economical to use a relatively high velocity during this period. 

Tn order 1 o determine the most economical size of pipe it is desirable to 
make several cut-aml-trv calculations taking different pipe sizes and comput¬ 
ing incremental costs and energy losses, applying the correct value of the 
energy, and finally obtaining a percentage return for that particular increment 
of pipe size. A particular design is most economical when an infinitely small 
additional investment to increase the energy output will give a jiercentage 
return exactly equal to the minimiun desired net return on the money in¬ 
verted. Table 2 illustrates the method of incremental values. 

6. Riveted Steel Pipe, The efficiency of various types of riveted joints 
varies with the numlier of rows of rivets and may range between 55 and 
95%. The most economical ty]>c of joint for given conditions depends upon 
the head and size of the pipe. The most efficient joint is also the most ex- 



STEEL PIPE 


644 


[Chap. 31] 


pensive joint, and whether an increase in the cost of the joint to reduce the 
thickness of plate is justifiable is a problem in relative economy. 

Some engineers add about % in. to the calculated thickness of plate to 
allow for possible corrosion, but this is questionable practice except for ex¬ 
tremely thin plates or perhaps for buried pipe. Exposed pqies are easily 
taken care of on the outside, and experience has shown that pipes constantly 
full of water corrode very slowly on the inside even if the paint is allowed 
to deteriorate. A minimum thickness of plate of % in. is common practice, 
although a number of pipes have been installed with a minimum thickness 
of % in. , 

A minimum thickness is required to give sufficient stiffness at and l>etween 
the saddles or ring girders, and to provide for a reasonable amount of cor¬ 
rosion of the surface without too large 1 a percentage reduction in thickness. 
Sometimes, riveting or welding circumferential angles, or other members, to 
the pipe provides stiffeners to increase its stability. 

The allowable stresses for power-driven rivets 1 1 Kith shop and field) are: 
shear, 15,000 lb per sq in.; bearing, single shear, 3:2,000 lb per sq in., double 
shear, 40,000 lb i>er sej in. 

lleport D-15 of the Hydraulic Power Committee of the Edison Electric 
Institute, entitled '‘Penstocks/' gives much material on the design and tqieri- 
firntion of aecepted riveting practice, together with illustrations and tabu¬ 
lations. 

6. Welded Steel Pipe. The rflieieney of joints in welded steel pipe may 
be lietween 00 and 05% provided that the pipe is made in the shop, X-rayed, 
and stress-relieved. However, for ordinary const ruction, an elhcieney of 
80% is recommended for double-welded butt joints. Also, an efficiency of 
76% is recommended for double-welded full-fillet lap joints, and the thirkncsM 
should not exceed 9s in. (Set 1 the American Welding Society Specifications, 
1)5.1-47, Standaid Rules for Field Welding of Steel Storage Tanks ) 

All steel pipe welding should Ik 1 done by the fusion process, which applies 
external heat by a gas flame nr an electric arc to melt the welding electrode 
and the parent metal. This process differs greatly from the older forged or 
hammering process of welding. Tlio field of fusion welding of steel pipe, 
owing to its comparative youth, does not have the long-term, well-established 
standards of riveting pm cnee. Wilbin a few years, it is presumed that a gen¬ 
erally accepted specification for welded penstock construction w r ill be avail¬ 
able. The American Welding Society’s Rules for Field Welding of Steel 
Storage Tonka arc broadly applicable to pipelines, as are its Standard Quali¬ 
fication Procedure for welding processes and operators. 

The current edition of the Steel Construction Manual of the American In¬ 
stitute of Steel Construction, New York City, applies to all steel shapes, the 
recommended working stress being 50% of tlie yield point given in Table 1. 

The method of welding may vary within wide limits. Extensive work has 
been done both by manual and automatic methods. Two well-known auto¬ 
matic processes are the Unionmelt submerged arc process and the automatic 
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carbon Arc process, both of which are well described in the American Welding 
Society's Welding Handbook . Information On the Automatic carbon arc 
proceHs is found in the literature of the Lincoln Electric Company, Cleveland, 
Ohio, and information about the TJnionmelt submerged are process in the 
literature of the Linde Air Products Company, New York, N. Y. 

Much more pipe welding is done with the electric arc than with the gas 
flame. In the elec Inc-arc field, most of the welding is done with direct-current 
machines Ijecausc of their greater versatility and because their prime mover 
may be an electric motor or an intcnial-comhustion engine. Excellent welding 
can be done both manually and automatically, but automatic welding is often 
given the preference because of it*, speed and uniformity. Automatic welding 
11 . chiefly a shop practice. In the smaller pipe it is usually possible to move 
or rotate the work so Hint flat-position work may lie done. However, there 
is always a considerable amount of work which must be done in vertical and 
overhead positions. 

Though there is no need to rpvicw Iho large field of welding electrodes, it 
is advisable to consider the use of the roated electrode for better w r eld qual¬ 
ity. The primary reason for the development of coated or shielded arc elec¬ 
trodes was to make possible the dejiosition of weld metal with physical prop¬ 
erties comparable to those of the parent metal The electrode coatings pro¬ 
vide a gaseous envelope around the arc and weld mclal being deposited, and 
provide a blanket of molten slag covering flic weld. These protect the molten 
metal from undue oxidation. The extent of the gaseous and slag protection 
depends on the type of coating. (See the AS.T.M. Specification A 233-45T 
“Tentative Specifications for Iron and Steel Arc-Welding Electrodes. 11 ) 

Wherever possible, longitudinal seams should he shop welded, but there is a 
limit to the size of the pipe that may lie so welded and shipped, on account of 
railroad clearances. This docs not mean that all jobs of large diameter must 
be pure field work, ,is an exception to the above would be the Ilciover Dam 
penstock of 30-ft diameter Hero, owing to the magnitude of the job, the 
flat plains (up to l$j in. thick) wm* -bipiicd to the site, where a complete 
shop with facilities for bending, welding, heat treating, and X-ray analysis 
was built. This is an unusual example of a combination of field and shop 
fabrication. 

In the design of welder! pipe, choice must be made between butt and lap 
welds. If lap welds are used, a full-fillet weld should be made on each side 
of the lap. If butt welds are used, they should lie of the double-welded type 
or else of the single-welded butt type with a backing strip. (See American 
Welding Society's Definitions of Welding Terms and Master Chart of Weld¬ 
ing Processes) 

The qualifications of welding oixrators and the periodic testing of them 
are of paramount importance. (See American Welding Society’s Standard 
Qualification Procedure for Operators) Careful inspection during the prog¬ 
ress of the work, together with X-ray examination and cut-out coupon speci¬ 
mens, will help to insure good welding. 
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Welded plate work of ASTM-A283-4GT material, as listed in Table 1, 
requires no stress relieving, other than that given mechanically by the first 
application of hydraulic pressure, unless the thickness exceeds 114 in., or, 
for smaller thicknesses, unless the diameter, in inches, is less than (120t - 50), 
in which t is the thickness, in inches. 

7. Shell Theory of Pipe Design. The shell or membrane theory of pipe 
design is a relatively new concept. It was first described in an article by 



Fig. 2. Ring girders and supports for 18-ft-diameter welded steel pipeline at the 
Apalachia development, Tennessee. Spacing between supports is 72 ft. (Tennessee 

Valley Authority.) 


K. I. Karlsson of Sweden about 1922 and has been applied to numerous pipe 
designs in this country since about 1930. This design employs a series of cir¬ 
cumferential ring girders which keep the pipe in substantially a true circle 
and transmit the load to the footings through column supports, as indicated 
in Fig. 2. In most cases the shell design permits the use of a thinner plate, 
greater spacing of footings (Fig. 2), and the elimination of stiffening angles 
longitudinally along the pipe. 

The paper entitled "Design of Large Pipe Lines” by Schorer [21] gives 
an excellent account of the subject, together with complete notation and for¬ 
mulas for computing direct stress on the pipe shell, rim stresses, and stresses 
in the supporting ring. The section of this article devoted to example and 
application clearly shows the advisability of increasing the plate thickness 
at the supporting section for one course;:width. 
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ESTIMATING WEIGHTS OF WELDED STEEL PIPE 

8. Estimating Weights of Riveted Steel Pipe without Ring Girders. 

Figure 3, computed by Gardner C. George, shows the strength, weight, and 
most economical riveting of steel pipe. From the intersection of the stepped 
lines, representing diameter of pipe, with the inclined liucs representing 
thickness and riveting, trace vertically to the margin and read the head, or 
trace horizontally to the margin and rend weight of pipe per linear foot. If 
the thickness and riveting are not desired, trace vertically from the given head 
to intersect the given diameter, thence horizontally to the margin, and read 
weight of pipe. 

As an example, to iJiow the application of Fie. 3, assume: 


Maximum head - 1210 ft 
Diameter - JO ft 

Allowed sirens 15,000 lb per si] iii 


Locate l!I0-it lioml at the lower margin of the diagram, and trace vertically 
to intersect the stepped line representing 10-ft diameter; then trace hori¬ 
zontally to road weight of pipe 70S lb per lin ft. The intersection of the 
210-t't head line and the 10-ft diameter line lies between the two line* rep¬ 
resenting 7 in-in. triple-riveted lap pipe anil l A-in. triple-riveted lap pipe. The 
former would be too weak, as the diagram shows it to be good for only 190-ft 
head, w r hereas tin* latter is good for 215-ft head. Hence the weight given is 
computed for the stronger pipe. 

The diagram mav lie used for ^tresses other than 15,000 lb, as follows: In 
the preceding example, suppose a stress of 120,000 lb is allowed. Then enter 
.lie diagram with a head computed as follows, and proceed as already de- 
**cribed. 


„ . A . .. w 15,000 

Head to use in diagram = 210 X 7377 ^ 

JtJ,UUU 


158 ft head 


9. Estimating Weights of Welded Steel Pipe without Ring Girders. 
The weight of welded steel pipe with butt joints and no hacking strips or lap 
can l>c obtained from the following formula: 

„ r 8.17iWuP 1 OOO/i rf 2 

W E8 3ES m 


where W — weight of pipe, in pounds ]ier linear foot; 

w * 40.8 lb; * weight of a 12 X 12 X 1 in. piece of pipe material; 
h = pressure at the center line of the conduit, due to all estimated load¬ 
ings, in feet of water; 
d — internal diameter of pipe, in feet; 

E = joint efficiency (80% recommended for double-welded butt joints 
in all thicknesses, and 75% for double full-fillet lap joints in thick¬ 
nesses not to exceed s { in.; efficiencies are for field-welded pipe); 

8 “ unit working stress, in pounds per square inch. 
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The design of ling girders varies with each project, hence no empirical 
foimula lb grvin foi estimating then weight 

10. Piers. A steel pipeline may be designed eithei with siddles, as indi¬ 
cated m Fig 4, or with ling gliders supported fry short columns, as indicated 

in Figs 2 and 5, but the weight of the pipe 
Pip* stiffeners and its contents is transmitted to the 
ground tliiough concrete pirrs 

Concrete piers in earth aie usu dly pheed 
about 3 or more feet into the ground 
They should llwap be designed to corie- 
spond to the bearing power of the sod and 
the weight oi the pipe and its contents 
It is not necessary to plaee picis below the 
frostline, is hea\mg due to frost action will 
not damage the pipe 

Fig 4 Sclicmilic saddle support For ,0lk surfdccs > thp conrrete 1' 1WS a,e 

meieh a coding of concrete to smooth up 

the rock Figure 6 indie ites a t\pe ot conciete pier foi steep exposed pipes 
foi rock foundations 

11. Spacing of Supports. In general, picis, discussed in Section 10, 
whether used with suldles or ring girders, may be placed as far npirt as be tm 




Fid 6 Ring glide]s and bents foi 9 ft-0 in diameter welded sire! pipeline at the 
Nontahala deployment North Carolina Maximum span is 80 ft 


action in the pipe and supporting power of the soil oi other medium will allow 
For pipelines supported on saddles theie are some combinitions of saddle aic, 
shell thickness, shell diameter, and pier spacing requiring no shell stiffeneis, 












Anchors and piers for the Tallulah Falls Development Geoigia Railway and Power Co {Eng JVewe- 

Rec , Vol 69 p 361) 
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but there are other combinations requiring circumferential stiffeners near the 
saddles only. For thin shells ring-girder design is usually preferable to saddle 
design, provided the foundation conditions an* adequate, as it permits longer 
spans with no stiffeners other than the ring-girder supports, and it requires 
fewer piers. 

Typical examples of ring-girder design are: the 9-ft-diameter welded steel 
pipeline at the Nantahala development, North Carolina, having a maximum 
span of 80 ft, at* indicated m Fig. 5, and the IS-ft-diameter welded steel pipe¬ 
line at the Apalarhia development, Tennessee, as indicated in Fig. 2, where 
the span is 72 ft. 

There is no natural limit for a Hafe, unsupported span. The portion of 
lungitudiuul stress due to liquid weight is indejMaidenl of the radius of the 
pipe but varies directly as the square of the span and uneisely as the thick¬ 
ness. The portion of the longitudinal stress due to metal weight is independent 
of the thickness but varies directly as the square of the span and inversely 
as the radius. 

12. Anchorages, (a) Location. It is customary to install anchorages 
at angle joint* in the pipeline and between even two expansion joints in a 
long pipeline. Anchorages arc not usually provided For buried pipe unless the 
pipe is to be previously filled for testing. Anchors should be designed so that 
they will, by gratify alone, take care of the resultant of all forces. Hods for 
anchorages should lx* used only m the hardest and most solid ledge rock. 

Figure 6 gives details of a typical anchor. Where anehnis are located on 
tangent* and at the intake, *e\eral circumferential single 1 -, riveted or molded 
to the pijK 1 , serve to transfer the forces from the pipe to the anchors. Anchors 
at sharp Ircnds seldom need this provision, as the anchorage should envelop 
all or part of the bend. 

[b) Analysis of iStresses for Anchors.* The following formulas and dia¬ 
grams give a complete analysis of all the <trcs-es acting upon an anchor. 
Many of those forces will generally be of *ni*ill magnitude, but they have been 
included in this discussion in order to make it complete. An shewn on the 
diagram. Fig. 7, all those force* acting at the bend are finally combined into 
vertical and horizontal components, which, m lurn, combined with the weight 
of the anchor itself, give a resultant that must hi 1 witlun the middle third of 
the anchor base. 

Definition of Symbols: 

h = static head at any point; 

A = inside area of pipe, in square inches; 
p = pressure, in jxiunds ]>er square inch, at any point; 
a = angle of upstream log with horizontal; 

6 = angle of downstream leg with horizontal; 

♦From Penstocks, a Report of Hydraulic Power Committor, Edison Electric 
Institute, 1936. 
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c =» exterior horizontal angle between renter lines of upstream and 
downstream legs; 
d « true deflection angle of bend; 

W *= weight of pipe from a point midway between anchor and first pier 
upstream to expansion joint; 

W' * weight of pipe from a point midway between anchor and first pier 
downstream to expansion joint; 

P =* weight of water in pipe W; 

P' = weight of water in pipe W*\ 

Q ■= weight of water and pqxs tatween points midway between adjacent 
piers above and below anchor; 

/ * friction coefficient of pi|>e on piers (this should be 0.6 for untreated 
contacts ns st<*el on steel or concrete, 0.4 to 0.5 for lubricated sur¬ 
faces, and much less for roller or hinged bearings) ; 

V = velocity of water, in feet per second; 

V = circumference of pipe, in feet, at expansion joint alwve anchor; 

O' — circumference of pipe at expansion joint below anchor; 

S = weight of pipe from center line of anchor to point midway lietweon 
anchor and adjacent upstream pier; 

*Sf' = weight of pipe from center line of anchor to point midway between 
anchor and adjacent downstream pier; 

F =- friction in expansion joint |»cr linear foot; 

K = area of exposed end of pi]>c at expansion joint, in square inches; 

R = area of pipe in square feet; 
w — ivoight of water, [>er cubic foot; 
g = acceleration ol gravity; 

K =• reduction in area at reducer aliove anchor; 

K r — reduction in areu at reducer Inflow anchor. 

Penstock Anchor Forces; 

1. Friction on supports due to expansiou or contraction on upstream 
side of anchor ~ /(IF + P) co« a. 

2. Friction on supports duo to expansion or contraction on downstream 

-ide of anchor /(IP 4-/ ,# ) cos b . 

3. Friction of expansion joint on upstream side of anchor due to expan¬ 
sion or contraction — CF (F - 500 lb per I’m ft, determined by ex¬ 
periment ). 

4. Friction of expansion joint on downstream side of anchor due to 
expansion or contraction = C'F. 

5. Force due to dead weight of pipe acting parallel to center line of pipe 
on upstream side of anchor - (\V + S) an a. 

6. Force due to dead weight of pipe acting parallel to center line of pipe 
on downstream side of anchor (IT' + *S') sin b. 

7. Force due to bend in pipe with water flowing = RVwV/g (divided 
by the radius of the bend). 
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Expanding condition 


Upstream side | Downstream c tds 


Anchor station 






Shou/n in profile 



Contracting condition 


Upstream side \ Downstream side 



Shown in profits 


| Combined horizontal and vertical components of all forces on anchors 

Elevation in profile 

Elevation looking upstream 

Direction depends on magnitude of 
forces shou/n above . 1 

Direction depends on magnitude of 
forces shown above . 



Fig. 7. Diagrams showing oxlcrior forces on anchors. 
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8. Hydrostatic force at anchor = pA (acts along axis of pipe toward 
bend on each side of anchor. 

9. Force on exposed end of expansion joint, upstream hide of anehor = 
Ep* 

10. Force on exposed end of expansion joint, downstream side of anchor = 
E f p. 

11. Force due to reducer above anchor = pK . 

12. Force due to reducer below anchor = pK\ 

13. Horizontal component m plane of upper ]>cnstork center line for alge¬ 
braic sum of all forces on anchor, expanding condition. 

14. Horizontal component normal to plane of upper penstock center line 
for algebraic sum of all forces on anchor, expanding condition. 

15. Vertical component for algebraic sum of all forces on anchor, expand¬ 
ing condition. 

16. Horizontal component in plane of upper penstock center line for alge¬ 
braic sum of all forces acting on anchor, contracting condition. 

17. Horizontal component normal to plane of upper penstock center line 
for algebraic sum of all fences on anchor, contracting condition. 

18. Vertical component for algebraic sum of all forces on anchor, con¬ 
tracting condition. 

13. Expansion Joints. Sonic means are generally necessary for taking 
care of expansion and contraction due to change* m temperature in exposed 
steel pipe's li the pipeline is fiat, the expansion |oinN are usually located mid¬ 
way between the anchorages, in order to induce the movement of the pipe 
over the piers to a minimum. On sleep slope*, however, the anchorage at 
the crest of the lull is frequently more diffinilt to install than the one at the 
foot of the hill. For this reason, it is advantageous, in such cases, to loeate 
llio expansion joint near the uphill anchor, thus transferring All the friction 
on the piers to tlio lower anchor. This arrangement also facilitates the erec¬ 
tion of the pipe, as it is usually difficult on steel pqie to erect that portion 
between the expansion joint and the upper anchorage, on account of the 
tendency of the pipe to slide down the hill Additional expansion joints are 
also required if the distance between anchorages is so great that the move¬ 
ment of the pi])e, due to extremes of temperature, is greater than a single 
expansion joint can accommodate. 

Short pipes with frequent bends are sometimes considered flexible enough 
for this purpose, but some form of expansion joint is usually neressary. 

The use of expansion joints for buned pipe is seldom necessary, as such 
pipe ih not exjHised to great extremes of temperature. However, if a buned 
pipe is solidly retained at each end, has no bends to accommodate movement, 
and has inadequate circumferential rivets, the omission of an expansion joint 
may eause failure. 

Ex]iansion joints eliminate excessive longitudinal stress in the pipe and thus 
permit of the use of lighter circumferential joints. 
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There are two general types of expansion joints, i.e., the slip joint and the 
diaphragm joint. Figure 8 is u flip joint of the' type frequently used on 
welded pipelines. Figure 0 is a typical slip joint built up of riveted steel pipe. 
This particular joint has one surface cop^ier-plated, to obviate the possibility 
of its rusting tight. 

48-1 holes oq. spaced to str. 



Fid. 8 Slip joint Ivpe of f 4 \pimsion joint for welded si eel pipelines. 


The packing of the iduffing Imix of sh]) joints can be satisfactorily done 
with square-braided hemp or tlix packing nnincguated willi graphite. Joints 
of this type, when properly packed, give entile satisfaction ami have uisig- 
nificant leakage. They require some attention, however, and arc thought by 
some to be inferior, under certain conditions, to the diaphiagm joint. 


-hpll with frillnwpr flanged furnished 
Hmiby M'p. Co. Material to bo gride 
t or medium fast '.trnl annealed. 

down here to nccomodste thp heavier 
thickness of pipe plate 


Fig. 9. Slip joint type of expansion for riveted steel pipelines. 

The conditions favorable to diaphragm joints are slight movement and low 
head. A typical diaphragm or bellows joint is shown in Fig. 10. The move¬ 
ment of the pipe is provided for by the flexibility of the steel in the joint. 
In very cold climatcH the expansion joint should lw? Ixixod in to prevent freez¬ 
ing (Section 15). Such joints are not particularly well adapted for heads 
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greater than about 200 ft because, if they possess the stiffness required to 
withstand internal pressure under greater heads, they are not flexible enough 
for expansion joints. 

The expnusion and contraction of steel 
penstocks due to temperature changes is 
greatest when the penstock is empty. As 
the penstock is likely to remain empty 
through a wide range of temperature 
changes during the construction period, 
expansion joints should be designed to 
take rare of these conditions. On the 
Cat-kill Aqueduct a number of determi¬ 
nations were made of the actual expan¬ 
sion in steel pipelines, due to temperature 
changes. Table 8 shows that the actual 
expansion agrees closely with the com¬ 
puted theoretical expansion. The theoretical expansion was computed with 
a coefficient of 0.0tKXK)72, and Ihe temperature used wa** the mean atmos¬ 
pheric tempera I lire, inside and outside the pipe. 

TABLE 3 

TuwrKiivnJKE Cimnokm in Stijkk Pick -Pipes Empty and Exposed * 




Temperature 



Diameter, 


Change, 

Expansion, inches 

feet and 

Length, 

degrees 

-- 

— * - ■> 

inches 

teel 

Fahrenheit t 

Observed 

Theoretical t 

8-10 

3078 

15 

3 

3 4 

8-10 

3078 

20 

4-5 

41 

8-10 

3078 

25 

0-7 

« 

8-10 

3078 

30 

7 

n 

8-6 

807 

10 

u 

n 

8-6 

807 

30 

2* 

2 

8-6 

1202 

15 

u 

U 

8-6 

1202 

33 

31 

31 


* Prom Mansfield Mcrriinan, "Building Additional Siphons of Oatskill Aqueduct,” 
Eng. Nrtvx-Ifet Vol. 90, p. 800. 

t Mean of atmospheric temperature, inside and outside of pipe 1 . 

X Theoretical expansion computed with coefficient of 0.0000072. 

14. Painting Steel Pipes. Numerous paints for steel pipes are on the 
market, but none of them give a permanent protection to the steel. The life 
of a steel pipe aboveground can be prolonged indefinitely by frequent paint¬ 
ing. The outside surface of n buried pipe is inaccessible except at a great 
expense. For cither \n\io it would be economical to pay several times the 
present market price for the l>est paint if a permanent protective coating 
were available. 



Fin. 10. Bellows type of expansion 
joint for steel pipe. 
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The relative merits of the different paints on the market cannot In* discussed 
here, hut under no circumstances should the quality of point for steel pipe be 
sacrificed for a saving in cost. 

The most rigid insertion of painting should be made. The best paint 
jKiorly applied is no better than a paint of very inferior quality, and fre¬ 
quently not so good. 

The paint to be adopter] depends upon the location of the surface to be 
covered, i.e., 

(a) the outside of the pipe aboveground ; 

(f>) the outside of the pipe underground: ' 

(r) the outside of the pi]ie in dark, damp compartments; 

(d) the inside of the pipe. 

Each of these divisions is subject to different paint-disintegrating influences 
nnd usually requires a different clap* of coating. For important pipelines, 
the paint should Is 1 purchased only from tlio-e manufacturers who have had 
long experience, unless an exhaustive test of the paint is to Ik 1 made. 

For buried pipe, care should be taken that the backfill does not contain 
tannic acid from decayed vegetable growth, or other ingredients Ilia I may 
affect the durability of the paint. The soil should lie subjected to rigid chem¬ 
ical analysis by the engineer and by the chemists of the paint manufacturer. 

Before starting the first coat of red lead or whatever is iwd, the surface 
of the pipe to l>o painted should be sandblasted clean of riM and scale. This 
is the most important prerequisite for successful painting of steel. Noth¬ 
ing makes a better first coat than high-qualiiv red lead, but it does not stand 
abrasion well. Consequently, the second and third coats should be some 
good-quality underwater paint. Aluminum paint has been successful for both 
inside and outside the pipe. For outside use, it has the additional advantage 
of reflecting the sun’s rays. 

Bituinastic compound has lieen successfully u«cd. The additional expense 
is almost always worth while for the inside of the pipe. For the outside, how¬ 
ever, the use of this expensive material is questioiuible as the outride may 
usually be repainted much more readily. Bituinastic compound, as made 
and applied by the Wailc.s Dove-TIermUton Company, has been used for 30 
years on the gates of the Panama Canal with complete success. Its only 
disadvantage is its cost, which is often twice as much as that of ordinary 
paint. 

Another paint for the inside of pipe is Sipes’ Sul)wav Black. In one power 
plant in Virginia, Sipes’ Subway Black was used in the pipeline and afler 0 
years the coaling was in almost as good a condilion as when first applied. 

The engineer should l>ear in mind that usually the only chance he will ever 
get, during the life of the hydro plant, to do a good job of piinting the inside 
of the pipe is before the plant is placed m service. 

Plastic coatings, applied either hot (preferably) or cold, may have con¬ 
siderable merit and have been used with success on ship hulls. When 4 leak- 
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age current or othor causes would produce electrolysis, the protection of the 
pipe by cathodic means is necessary. 

Where conditions arc conducive to excessive internal corrosion, the expense 
of a nickel-clad penstock may be justified. The lower hydraulic friction 
loss and the considerable savings in maintenance will usually offset the higher 
first, cost. (See Ref. 2 f Section 17.) 

15. Protection against Freezing. In very cold climates, an ice sheet 
will form on the inside of exposed steel pipes unless the pijie is short or the 
velocity high. The ice sheet may become sufficiently thick to affect the 
hydraulic properties of the pipe, and during a thaw enough ice may break 
away and enter the turbine to plug the gates. Water hammer m such cases 
may lie considerably greater than that computed for normal operation. 
Whether or not trouble will be experienced from ice depends upon the 
following factors: 

(a) tlie velocity during low-loud periods; 

(b) the (Juratmu of such periods; 

(c) the climate at tlie sile; 

(rf) the exposure of the 1 pipe to picvuiling winds; 

(c) the depth of the furebay; 

(f) the deplli of the pipe enhance below water surface. 

Therefore, the probability of ice 1 roubles muni be estimated according to 
exiH-rience and comparison with existing plants in the vicinity. Pipes over 
](X) ft long, in a climate similar to that of the mountainous regions of northern 
New York, operating at usual velocities and at nlioiit 50# kind factor on a 
general power and lighting load, are likely to give occasional trouble unless 
protected. 

Pipes may lie protected from freezing by burying them or covering them 
with insulation, or wood concrete housing. 

There is practically no danger from freezing in a pipe covered with 3 ft 
of earth, even though the frost line is twice this distance below the surface, 
provided the center line of the pipe is below the frostline. 

16. Buried Pipe versus Exposed Pipe. The authors recommend ex¬ 
posed pijio unless the local conditions make the UfeC of buried pipe advisable. 
The advantages of exposed pipe are as follows: 

(«) It provides more room for construction. 

( b ) Such pipe is more accessible for inspection, maintenance, and repairs 
The* is the predominating fouturo favorable to exposed pipe. 

(r) Where pipe is buried, inspection and renewal of paint on the out Hide of the 
pipe are not likely In occur frequently, and buried pipe nmy, therefore, be con¬ 
sidered to liuve u shoiter life because of corrosion. 

(rf) Exposed pipe is usually less expensive to install. 

The conditions favorable to buried pipe are as follows: 

(a) Pities extending down steep hillsides on earth foundation make anchoring 
and supporting very difficult. If the pipe 1 is buried, anchors and supports are not 
usually necessary. 
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(b) On steep side-hill locations there is frequently danger from landslides, 
snowblidea, and falling rocks, which would injure the pij»e unless buried. 

(r) In cold climates, where the pipe is very long and like velocity low, it is 
sometimes less expensive to bury the pij»c than to provide other means of pro¬ 
tection against freezing. 

(d) Where the pi))e passes through earth rut, it is often cheaper to bury it with 
the excavated earth than to provide cradles and sills. 

Pipe that is to be buried is generally supported in the trench, temporarily, 
on blocking. In refilling the trench, the material should be carefully tamped 
into place as otherwise the material under the bottom of the pipe is very 
likely to settle, leaving a space ofwevend inches under the pipe. 

Experience has shown that the use of porous material around buried pipe, 
ullowing free drainage, results in longrr life of the pipe than the use of im¬ 
pervious clays. The characteristics of the soil surrounding the pipe should 
be carefully studied, as certain soils are very detrimental to most pipe coat¬ 
ings (see Section 14). 

Pipe that is only parlly buried usually corrodes quickly at or just lielnw 
the ground line, owing to the extreme variation in temperature and moisture. 
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CHAPTER 32 


WOOD-STAVE PIPE AND CONCRETE PIPE 

1. General. A general outline of the pufrposo ami use of wood-stave piix* 
and concrete pipe in hvdroeleetrie practice and a discussion of those fea¬ 
tures that are common to all conduits arc presented in Chapter 28. 

A. WoOD-HTA\E PlPK 
By Byron E. White * 

2. Types of Wood-stave Pipe. Wood-stave pipe consists of a shell 
formed of wooden staves hound together by sit'd hands. The hands are 
designed to withstand the bursting pressure of the water within the pijic. 
There are two general types of wood-si me pipe, designated, according to iho 
method of manufacture or assembly, as (1) machine-banded wood-slave pipe, 
and (2) continuous wood-stave pipe. 

Machine-banded iVood-stave Pipe. Machine-handed wood-slave pipe is n 
manufactured product and is transported to the job ns a finished piy** in 
lengths from 6 to 20 ft, as desired. It is regularly made in dzen from 2 to 24 
in. in diameter and for heads up to 400 ft. It has been made for beads up 
to 750 ft and up to 42 in. in diameter for u^e under low pressures. 

Machine-banded wood-sta\c pipe is suitable for the conveyance of only rela¬ 
tively small quantities of water, on account of its restricted size. It can 
be made to withstand heads up to 500 ft nr more in the small sizes. This 
type of pipe has liecn used very extensively for w Her mains for domestic 
water supply in the West, and also for convening water for irrigation, hy¬ 
draulic sluicing, etc., as well as for sewers and drains. 

Continuous Wood-stave Pipe. Continuous wood-slave pi|ie is built up in 
place where it is to be used. The lumber is delivered in the form of staves, 
together with the steel bunds and other accessories. 

One of the particular advantages of continuous wood-stave pipe is the 
relatively small size nnd weight of the individual parts, which permits the 
transportation of single staves and hands to the site where the pipe is to be 
erected. This is a sj>ecial advantage in rough, mountainous, or wooded coun¬ 
try where transportation is difficult and material may have to be curriod to 
the site by pack animals or men. 

* Consulting Engineer, item.sen, N. Y. 
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Continuous wood-stave pipe has been constructed in diameters from 6 in. 
up to 1G ft. Some of the pijx* manufacturers are prepared to quote on pipes 
up to 20 ft or more in diameter. The maximum heads possible for this type 
ure shown in Fig. 4 for pqx's from 3 ft to 22 ft in diameter. 

Continuous wood-stave pipe, on account of its flexibility, ease and rapidity 
of construction, compaialivc ease of transportation, and its relatively low 
cost at lower heads, as contrasted with other tyi>es of pipe, has a distinct field 
of usefulness in connection^ with hydroelectric power stations. Within cer¬ 
tain limit ul ions of head, wrtod-stave pqx 1 is cheap compared to other pipes if 
properly installed, and particularly if the staves are treated to prevent de¬ 
cay. Tims it is especially suitable for power developments where it is essen¬ 
tial to keep capital expenditures down to the minimum. 

Relative Costs . The fields of continuous and machine-banded pipe overlap 
somewhat, and the choice between them is usually made on the basis of ease 
and cost of transportation. For instance, on account of its greater bulk, 
transportation co^ts for tlic larger sizes of machine-handed pipe are much 
greater than (or continuous pii>c where long freight hnuN are involved. For 
the same Teason, there are aKo many ca^cs where continuous pipe material 
mav be trarifpoited to the site of the work much more easily than machine- 
bunded pi|x» sections in the larger sizes. 

3. Machine-banded Wood-stave Pipe. A tvpical machine-banded 
wood-fat live pipe is shown in Fig. 1. The stave*- are assembled on a form, 



Fin. 1. Typical bunded collar for win*- wound pipe 


in a machine in whieh they are wound spirally with galvanized round steel 
wire, or a galvanized flat steel band, which is fastened to the wood by a special 
clip at one end of the pqx 1 section, wound on under the piopor tension, and 
again fastened with a similar clip at the other end of the section of pipe, and 
cut off. The two ends of the section are then turned down square, if separate 
collars are to be used; or a recess is formed at one end mid a tenon on the 
other end. After this the section is first rolled through a bath of asphaltum 
and then through a lied of sawdust, which absorbs the excess asphaltum, 
leaving the pipe in such condition that it can be handled after drying. 
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Machine-bonded wood-stave pipe is made up in random lengths, which 
may be from 3 or 4 ft to 20 ft long, in order to make the best use of the 
available lumber of suitable quality. 

The end joints between adjacent lengths are made in two ways: (1) by 
means of separate collars encircling the ends of adjacent sections of pipes 
(Fig. 1), and (2) by means of a recess and tenon or slip joint (Fig. 2). 

The use of the slip-joint or “inserted-joint” type (Fig. 2) of pipe is re¬ 
stricted to low-head work and 1o caws where a slight amount of leukage is 
not objectionable, as, for instance, irrigation work, hydraulic sluicing, etc. 
The maximum head to which this type of pipe is suited is about 100 ft. 

If the design has square ends and 
collars, the hoops or wire banding 
i^ left off for a suitable distance 
from each end, and adjacent sec¬ 
tions are connected by means of 

wood-stave, steel, or cast-iron col¬ 
lars, which are made to fit snugly 

around the ends of the adjacent sce- 
Fto. 2. RcccHH-nnd-tcnon tvpc or in- tions. The wood-stave collars are 
xcrtwl joint tyi'<* of wiic-wimnd pipe matlo f! lo g in in ]pngth) and in 1he 

Jomt ' Mniillor mzcx, up to nhout 12 in. in 

diameter, are machine-banded in the same manner as the pipe. Collars 0 in. 
in length arc used for diameters up to 12 in. For the larger sizes, onr-pieec 
hoops or bands, provided with ■dioes, nuts, and wahhers, are used for tighten¬ 
ing ii]i the collars. Not less than three bands should lie used per coupling, 

and ihesc require '‘cinching 1 ' or tightening after the pipe has been erected. 

Wood-stnvc collars should always lie cren«ufed as they are not subject 
to complete saturation from the water within the pipe. Many cases can 
be cited of untreated collais* having failed from decay. 

Tn the reeess-and-tenon typo of pipe, the tenons are made of such dimen¬ 
sions as to fit tightly into the recessed ends, and each section is assembled 
with the recessed end outward, and driven home by means of a wooden fol¬ 
lower and rain. 

This typo of wood-stave pi]K*, unless of large diameter and under low 
heads, or laid on unstable ground, does not usually require special supports. 
It may lie assembled directly on the ground, and may be lrid to curves of 
rather long radius, depending on the shortness of the sections and the 
diameter. 

Tables 1 and 2 give the approximate ranges of size, weight, and wire band¬ 
ing, for this type of pipe, as made by a prominent manufacturer. 

4. Continuous Wood-stave Pipe. Continuous wood-stave pipe is 
assembled, stave by stave, by either of two methods: (1) It may be assem¬ 
bled in the permanent cradles in which it is to rest. (2) In the absence of 
fully semicircular permanent cradle.-, temporary portable wooden cradles 
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Range or Sues and TmcKNBBh or Staves fob Machine-banded Wood-stave 

Pipe 


Inside 

Diameter, 

inches 

Thickness 
of Slaves, 
inches 

For Deads 
Less than 
Feet 

Thickness 
of Staves, 
inches 

For Ileads 
OlNT, Feet 

2 

1 




3 

1 




4 

f A 




5 





6 

u 




8 

ll 




10 


250 


250 

12 

u\ 

250 

H i 

250 

14 

ll*. 

250 

n 

250 

16 

ll 

200 

iA 

| 200 

18 

n ! 

200 

iA 

200 

20 

ii 1 . i 

150 

n ! 

150 

22 


150 

iS 

150 

21 

iA 1 

150 

12 i 

150 

26 

il 

150 

il i 

150 

28 

il i 

1 150 | 

ii i 

150 

30 

H 1 

1 150 , 

ii 1 

1 150 

32 

i* 

150 

i* 

150 


Notes. Maximum spaiing of wire, 3 in. Woiking stm* of wire, 15,000 lb per 
sq in. Maximum picsbure head, 400 ft approx. Range of lengths of pipe sections, 
6 ft to 25 ft. 

Diay be used for sotting up the lower half of the pipe. After this, the top 
hall is laid up on two collapsible, portable wooden forms m the interior of the 
pipe, which, with the portable cradles, are moved forward for setting up 
successive lengths. 

In the usual method of construction, staves of approximately uniform 
length arc used for each section, with alternate staves projecting 2 or more 
feet beyond the adjacent ones. The staves of the succeeding section are 
driven into the spaces between these projecting staves, Ihus tying the pipe 
together and providing continuous beam action lietween supports. This 
method of assembly is shown in Fig. 3. Continuous pipe is sometimes as¬ 
sembled with htuves of random lengths, no attempt being made to keep the 
ends of alternate staves approximately together, longitudinally. The only 




664 


WOOD-STAVE PIPE AND CONCRETE PIPE I Chap. 321 


TABLE 2 

Weights of Untreated Maciiine-banded Coupling Type Wood-stave Pipe, 
and Sizes and Spacing of Wire 



50-foot Head 

400-foot Head 

Size, 

inches 

Weight, 

pounds 

Foot- 

size, 

numltcr 

Wire- 

spacing, 

inches 

Weight, 

pounds 

Foot- 

size, 

number 

Wire¬ 

spacing, 

inch 

2 

3.3 

8 

3 

4.1 

! 8 

a 

4 

4 

5.7 

8 

3 

7.3 

8 

U 

6 

8.5 

6 

3 

11.6 

6 

t* 

8 

8 

10.8 

6 

3 

15.1 

6 

10 

13.7 

4 

3 

21.3 

4 

u 

12 

16.8 

4 

3 

27.0 

1 

T*a 

14 

10.6 

4 

3 1 

34.3 

2 

5 

H 

16 

24.1 

2 

3 1 

41.7 

2 

A 

18 

26.8 

2 

3 i 

48.7 

2 

1 

2 

20 

30.6 

2 

3 ; 

58.4 

2 

f' 

2 

22 

33.6 

2 

3 1 

64.3 | 

1 

24 

36.4 

2 • 

3 j 

i 

71.3 , 

1 

l 

A 


necessary precaution to observe i- that I here should bo at lo.'M a 2-ft break 
in all longitudinal joints; the break, of course, ma\ be of any greater length. 

The staves arc bound together b\ circular bands of steel of such cross- 
sectional area and so spaced along the pipe as to resist most efficiently the 
bursting pressure within. 

In setting up the pipe, all bands finally required over a support are put in 
place, together with suffieicnl inteimediate bands, approximately 2 ft apart on 
centers, to hold the pipe together. When a suitable length of pipe has been 
set up, the remaining bands are placed and all are cinched up, preparatory to 
filling the pipe with wafer. 

This type of pi]>e derives its strength against bursting from the steel hands 
which encircle the pipe and by which it is made tight. The ability of the 
pipe to sland up without collapsing when empty depends on the thickness 
of the staves and the strength of the bands. It lias been found in practice 
that certain thicknesses of slaves are most suitable for certain pipe diam¬ 
eters, heads, and conditions. Thcvr matters will lie further discussed in 
succeeding sections. 

Owing to the flexibility of the stj./es, it is possible to bend continuous 
wood pipe to fit vortical, horizon I ui, and inclined curves within certain 
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limits which are specified in Section 10. Hence, it is possihle within these 
limits to construct such pipe continuously without the introduction of special 
bends. 

The pi })0 is made tight by “cinching,” or tightening down the nuts on the 
bands. In erection, it is an advantage to have the staves as dry as possible 
ho that little or no further drying out from the effects of sun and wind 
will take place after the pipe has lx?cn erected. If the staves are not dry 
enough, constant watchfulness is required and the bands must be tightened 
u]) whenever the pipe shows signs of weakness from drying out. After the 



pq»c lias been eompleled and tied in to other structures, filling with water 
should take plaeo slowly, as, in spile of all precautions, it is impossible to 
cinch up the bands lightly enough to prevent some leaks, and it is desirable 
lliat Midi leaks should take place under n.s little hydrostatic head as possible, 
so as to hunt the amount of water leaking out of the pipe. Excessive leakage 
might cause erosion and endanger the safety of the pipe. 

A further reason for slowly tilling with water is to reduce the total stress 
in the bands during the time that the sta\os are becoming saturated, with 
the consequent swelling of the wood and temporary increase in band tension, 
as described in Section 0. 

As soon as the water comes in contact with the wood, some water is 
nlworbcd, causing the staves to swell slightly. This action usually closes prac¬ 
tically all leaks within a few hours. Those leaks which do not close quickly 
or do not close after the pipe has been re-cinohed have to be dealt with 
by means of wedges or plugs. 

Where a small leak exists Ixdweeu adjacent staves, a carpenter’s chisel is 
driven in about % in. from the edge of one of the staves, and a very thin, 
wide werlge of softwood, usually of white pine if obtainable, is driven into the 
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opening thus made, forcing the edges of the staves tightly together. Tliis is 
generally sufficient to dose all but the most serious leaks. The wedge should 
be cut off flush with the outer surface of the pipe. Sometimes it is necessary 
to drive softwood plugs into small holes where wedging in the ul>ove manner 
is not sufficient. Wedges should never be driven into the longiliidinid Beams, 
as they tend to spread the staves apart ami extend the leak. 

The sections that follow pertain principally to continuous wood-stave pipe 
and to the special requirements in its design, installation, and maintenance. 
Much of the matter is equally applicable to machine-banded pipe. 

From the intun nation at baud, it appears that wood-stave pipe has in the 
past lieen largely designed and installed by the exercise of judgment and the 
use of rule-of-thumb methods rather lhan by the appheation of theory. On 
some miportant points, little engineering information hah been published. 
From the experience of many year* with successful and unsuccessful installa¬ 
tions, certain principles and practices which approximate standards have lieon 
evolved. Tin* observance of these w ill result in a safe and conservatively 
designed installation. 

The data in regard to design have been collected from the best available 
sources anil represent conservative present practice. Several design curves 
were develop! from such information in order to present it in more usable 
and rational form. 

5. Staves. Cwsa-scrtion of Shines. Staves are formed in the mill so 
that the interior and exterior surfaces are arc* of curie*, tin* inteiior having a 
radius equal to one half of the nominal pipe diameler. The object in making 
the exterior surface of the staves trulv circular is to distribute the bearing 
stresses Iwdwecn the bands and the ives equally around the circumference 
and to take full advantage of Ihe band strength and the bearing value of the 
wood. A polygonal exterior surface, which would result if planr-outcr-sur- 
face staves were used, would concentrate the bearing stresses at and near the 
edges of staves, reducing the maximum head that might be impress'd on the 
pipe and also inducing cheeks in the wood. The edges of the staves are cus¬ 
tomarily made radial so that adjacent staves may make full contact with each 
other throughout their entire sin fares. 

Some engineers have sperified that one side of each stave should be nulled 
to a plain radial surface, with a bead Vni in. or K in. high oil the other radial 
side. There is considerable doubt as to the advantage of the bended stave, 
as it is thought by some that the crushing of Ihe l>rad may possibly hasten 
decay. 

Tlie plain radial joint, when properly installed and cinched up, hns been 
found to make a satisfactorily tight pipe. 

Thickness and Width of Staves. The dimensions of staves depend prin¬ 
cipally upon the following requirements: 

1. Staves should have sufficient si mo hi ml strength to resist the tendency to 
go “out of round 1 ' when filled with water, and to bridge properly between cradles 
without sagging. 
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2 Staves should he thin enough, within the limits imposed upon them to be 
thoroughly situiated when under working head 01 pleasure li the) arc not 
lirated with pn sc native 

3 The width of slave is dictated partly by considerations of cronomv and the 
use of stock mat dial and putly by the diametti of the pipe 

A compromise hib to be effected between requirements 1 and 2, ns the) 
lei(l in opposite duett ions 

The thicknesses of stives shown m Iig 4 Live bun found from experi¬ 
ence to lx suitihlc for the design i ted mzcs of pipe ind he ids under vuying 
conditions lliuc is it It isl one iormuh in existence which indicates much 



Ik 1 JhiMini showing the tlukncss of slurs fni vvood-stne pqn used in 

jnis lit ]I1 litc 

miller thicknesses but c\])cvnni( in lie lie* |hit i strong silisrictorv pipe 
lupines the use ol ihc tine km *si s kiiin ictcued to 
higuie 5 give^ the weight ol Mivc^ for continuous wood stive pijx per 
line u foot of v muus ill tine lets lium 1 to 22 tt, loi unircitul Doughs fir 
Doughs hr Ins i weight of ippioxun ittiv lb lb per cu ft, lcdwood ippioxi- 
mitclv 20 lb ]Kl ui ft c\piess >0 lb pel cu tt md loiuJtif jellow pin, 
lppioxmutelv 44 lb pci <u ft depending upon the degite ol drvncss As 
the speedie itions nsuilh c ill foi S lb of creobOte oil per cu ft a pioportionatc 
ineie m weight per foot is to be dlowcd for cieosoted pipe 
]n the m mid id ui c of stives, selected lumber is required, ind, in uldition 
it is most economic il to use stock si/cs of lumber, tint is to si> sizes such as 
2x4, 1x4, 4Xb, etc, so tint the rejections can be Used tommcrcull) 
for other purposes Then is an economical width of dive for etch diameter 
which in gcucril nny be approximitcly stated as follows 

I ui pqx h up to 24 in in diameti i the width should not lx gee iter than 4 m 

Foi diomdeis oi 30 in to 14 il, the stock should be 6 m wide 

hoi gic itei dnmclcrs stock not mote than 6 in in width should be used 

Stives is wide is 12 in hive been used in some instincts but ire wasteful 
of lumber unless left with flit intend ind exteuor surfaces, in which ease it is 










WOUD-bTAVE P1PF IND OCPSCRITE PIPE fCiiAF 321 


M>8 


impossible (u get piopei be iring between binds ind stives nut thus to pie- 
vpnt the development of nicks and cheeks 

Wood fut Stages Min\ v unties of timber Midi is hemlock "pruce, 
vellow junc Doughs fn redwood ind express, ln\c been used lot the stives 
of wood pipe ind sitisl Ktuiv pipe" hive been mule fiom ill Hum tunbcis 
flu woods nioM (omiuonh used lor pipes lie redwood ind Dough" fir 
which gum in the Pieihe Coist stiles Spinet mil yellow ]>uu of suit iblo 



^0 30 40 SO 60 80 100 200 dOO 400 500 600 BOO 1000 


Weight (pounds per foot) 


I n 5 Di il,i mi shewing the weight of Doughs fn Mia is m wood stivr pipi 7111 
font of hn^lli Ioi itdvinnd mulli] lv bv 0 72 


qu ditv in ilillu idt to ol»t iin in lirge num.’ll qu iniitie hunlork ind othri 
Miflwonl" ii In oiiiiiu 1 nee md do eemtim defect" aaIihIi n iki tin n 
lehtmlv unsuit ible fm Ii hie pipes is complied with pipes n ule ot itil- 
wood md fir 

\1 though thin is "nine li pule between the tdvoi ite> ol ledweocl ind 
Doughs hi tin (videme seeni" to m lie Me lint lot in untie ited ]iipe ml 
voudunv give i emuwhit lunge i hie tlim hr mild eeit nn i on M ions or 
soil, ilimile mil in \\ ith piopei eiciiMite 01 otlie r tie lime nt hciwe \ 1 it is 
piohihli tint ulliei pipe when pinpnh di uni 1 uist died mil miinlumd 
will gi\e "it^hi ton suvur lor in inv m ii i iilure of pip ii li inmi 
both woods hive oeriuicel whin ]iiopei pieriuHons m di ign u tdlitiun 
inuntnimcL ind in wen nm ob eivul 

Wood tor Mini liouhi lu piieticillv li ujit tn un d ml bee liom 
shikes, md sipwnod should hr excluded hmu the cxtenoi of the pipe* A 
sin ill imemnt of sipwooel m the mtcnoi mimi it will be lontinuoiiHv situ- 
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rated, is not considered n»disadvantage, especially if creosoted. No sapwood 
should lie allowed on the exterior. A limited number of small, live knots are 
permissible, but should not be allowed close to ends o* staves. (See t:]XTifica- 
tinns.) 

The growth rings should preferably lie nearly parallel to the circumference 
of the pipe. Where they are diagonal, extending through from the interior 
to the exterior mu laces of Ihe stave, split ting sometimes results under high 
heads, and in vor\ porous specimens of lumber excessive j>ereolation of water 
may nmir. 

If the growth rings are practii ally parallel to Ihe radii of the pipe, exces¬ 
sive pei cola lion may take place through the soft ring* of some wood' under 
high lieails, but tills is not true of Douglas Jir or redwood. 

Redwood has less mechanical strengih than fir or longlcaf yellow pine. 
Lower strokes, both in bearing and bending, should lx* used with redwood 
pipe. It is to be noted, however, lliat the bending strength in n wood pipe i* 
not brought into play siitlieieiitlv iu pro]x*rly designed installations to make 
this a material factor, except under extremely high heads with thin stave* 
and bands of large erO's-M*ct tonal area. 

II i* generally agreed Ihut air-dried lumber is preferable for wood pipe¬ 
lines of redwood, which shows a cmisidoi.ible hiss of strength when kiln-dried. 
Douglas fir staves, however, if kiln-dried pioprrlv, i e. not loo rapidly, show’ 
]jractically no loss of ^fn-ngth, and it i* standard practice to siiecifv kiln-dried 
lumber. 

6. Bands. Mlutred Stnssta in Hun da. Methods for determining the 
loading or m iMimim internal procure ill rinsed com Ini Is, including w r a1er 
hammer and singe*, an* given in Semnii of Chapter .SI. The usually 
ae 'pled working dress for steel bands is ]5,001) lb ]ier -'ll in However, the 
working sire-* 10 be adopted depend* upon the probable accuracy of the 
computed loading, the eladic limit or the drrl used, Ihe relative importance 
of Ihe pipe, and the danger oi damage to other important structures in cast' 
of failure. 

Recommended value's of working si lews in pei cent age of the elastic limit 
of ihe steel are given in Section .‘1 of (liapter 31. 

Figure 17 shows the sparing between renter* of bands from ‘‘k in. to lVt 
in. in cross-sectional diameter on pipes of 1 ft to 22 ft internal diameter, for 
various total siatic heads within Ihe limits of safe strew-c- in, and maximum 
nntl minimum spacing between, the bauds This diagram is based on a work-, 
ing stress of 15,000 lb per sq in. In using it, the .sum of all element* that 
will simultaneously rau-e pressure within the pipe should be taken for the 
head For instance, the slim of the static head and the head due to *urgc at 
the point under consideration should be laken, and not the static head only. 

The stress in the band*, caused by swelling of the stave* when first, satu¬ 
rated with water, is treated in Section 0. 

Where cradles are used, a )lending moment in the bauds lying in the cradle 
exists at the lop edge of the cradle, paused by the bulging or deformation 
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ol' till' pipe when tilled with water. So far as the authors are aware, no 
determination of the magnitude of this moment has been made, and no 
account of it i.- ordinarily taken in design and construction. 

St(cl fur Bauds. Hands should be made of mild, open-hearth steel having 
a tensile strength of from 55,IKK) to 1)5,000 lb per sq in. and an elastic limit 
of lint lei* than one half the tensile strength. Hands should lie callable of 
being bent cold ISO degree* to a circle equal In the diameter of the baud, 
without sign of fracture. 

Threads should lie IT. S. Standard, and the nut* should tit snugly and yet 
turn easily vwlhout Ion much piny. The bands should he threaded for a 
length suitable to tile diameter of the pipe and Millie lent to peri ml both easy 
installation and tight rinching-up ol llie pipe after erection. 

Hands are made in one* or two piece* for ease of erection. One-piece bands 
are ordinarily u-ed lor pipes up to 51 m. in diameter. The ordinary piaetice 
is to proMile a button head on one end and a lung thread at the other end, 
for conneetinn to the malleable-iron dine hv mean- oi which tin bands are 
tightened up. This construct ion permit- the but ton bead to lie underneath 
the tlucaded end in the shoe, thereby allowing tin 1 band- to lie spaced a^ 
do-el v together under maximum head condition 1 - as i- po—lhlc. 

A lc-* frequently u-cd const met ion for moderate head- l- made by thread¬ 
ing both end* of the baud. This neve— Hate* having the threaded end- pas- 
one another in the -hoe. thereby coii-iderablv increasing the minimum spac¬ 
ing between tlie bands. 

With two-piece band-, the u-ual con-tiuctinn i- to provide the lower 
halve- of the band- with threaded end- and the upper hal\cs with button 
heads on which the -line- are lmng while in-tailing ihe bands. 

The thread- -liouM be -o dr-unied and made that the tensile strength at. 
the root nt The threads i- equal to that of the body of the band-. Hulling the 
threads will accomplish this result, and such band-' are -o guaranteed b\ llie 
manufacturers. If cut thread- an 1 n-ed, the net strength ol the band will be 
that of the area at the root of the thread, requiring larger bands. Up¬ 
setting the ends to a diameier k m. greater than that of the hodv of the rod 
will gi\e an area at the root of the thread approximately equal to that of the 
roil, and permil stre-.-ing the rod *o it- efficient xalue. If till- is done, how¬ 
ever, wider shoe- will be required to fii the up-*et ends, resulting in a wider 
minimum -pacing of bands and a lower maximum head under which the pipe 
may be u*ed. The nuts u«ed are -omewhat thicker than standard nuts, so as 
to tivoid the possibility nr -tripping the threads. "Plate-steel wa tlicrs are 
used l)etw T een the nuts ami the -hoes. 

Maximum and Minimum Spucbuj of Bands. The maximum -pacing be¬ 
tween bands is detennined by the length of unsupported stave or of the 
joint between staves which will not leak under the particular head under 
which the pipe is u<ed In present-dav practice, this maximum spacing i- 
usually from 0 to 10 nr even 12 in., in -nine extreme cases, and depends upon 
the thickness of the stave as well as Ihe procure head. For the thicknesses 
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shown in Fig. 4 mid thb band spacing^ as in Fig. 17, the bending moments 
in the slaves between the adjacent bands are well vviihin safe limits. The 
deflection may, however, lie great enough In cause small leaks Ik* lween staves, 
if 1 Minds of 1 oo largo cro.-s-seetional area, ami eon-cquem lv widely spaced 
apart, are uwcsl with relatively thin sta\es. Wiiliui the limits of stave thick- 
nesses and sizes anil spacing of build- shown in Figs. 4 and 17, excessive 
deflections in staves will nnf occur. 

hxtra bauds are required to support the ends of staves at the joints when 
the band sparing exceeds 0 in. 

The minimum spacing between hands is obtained bv staggering the shorn 
•around the circumference of the pipe, usually in groups of thriH*, with one 
shoe at approximately the horizontal diameter, one 
above, and one below, as indicated in Fig. U. Tlii- 
arraiigeinent promts tin* bodies of two bands on rithri 
side to bo brought into contact with a .dine, so that 
half the wadlh of the dine plus half the diameter of 
the band used determines the minimum spacing and 
the maximum head under which the pipe ma> be used 

Figure 6 diems the minimum spacing from nailer 
to center of various size* ol hand- fiom ;, s in 1 1 1 in. 
in diameter, with -hoe- of eomeiition.il design and fo- 
bands having button head*. 

It is customary to van the spaiing «,f the bands foi 
small increment* of picture head (iMiallv taken at 
5 ft or le-s), ami thus to make the inclal in Ihr I Mini* 
work at practically it- full eflinenev. In tin- particu- 
lin, wood pipe has an advantage ovei pipe in which the steel shell or reinforce¬ 
ment increase■* by large perciaitage inclement- or mu-1 be of a certain mini¬ 
mum thickness for tile sake of slabilitv, and hence cannot be as ccminmicallv 
employed a- the steel used in wood-pipe hands. This advantage is greatest 
fur large pipes at low brads. 

For machine-handed pipe, the bands may take either the form of round 
steel wire, or of fl.it steel galvanized band-, a* inav be specified or preferred. 

Ditwivtcr nj Btuttlx, The maximum « , io-s-eetion:d diameter of baud is 
largely a matler of convenience in election. For pipe of, sav, lJ-ft diameter, 
a band 7 * in. in diameter is capable of being applied wit hum loo much labor in 
erediou. hands having diameters of I in. lo 1 J 4 in. can lie u-rd if required, 
by the static head, but the labor of erection is of cour-e increased. 

The minimum diameter of bands varies with size of pipe, and allowance 
must be made for the possibility of corrosion and reduction of area, which is, 
of course, a more serious matter with the smaller than with the larger band*. 
In practice, Vin. diameter bands are about as small as should lie used for 
ennimuon* pipe of fi ft or more in diameter. Figure 17 shows the band 
spacing for \vooil--lave pipe lor different <\zv* of bands to resist different 
heads. The head used should Ik* the total static head plus the possible surge 



Fn. G. Diagiainshow¬ 
ing the minimum 
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of the pipe when filled with water. So far as the authors are aware, no 
determination of the magnitude of this moment has been made, and no 
account of it is ordinarily taken in design and construction. 

fit cel for Bands. Rands should bo made of nnld, ojion-hoartli sled having 
a tensile strength of from 55,000 to 05,000 lb per sq in. and an elastic limit 
of not less than one half the tensile strength. Bands should lie capable of 
being bent cold lhO degrees to a circle equal to the diameter of the band, 
without sign of fracture. 

Threads should lie U. S. Standard, and the nuts should fit snugly and yet 
turn easily without too much play. The bands should lie threaded for a 
length suitable to the diameter of the pipe and sufficient to permit both easy 
installation and tight cinclmig-up or tlie pipe after erection. 

Rands are made in one or two pieces for ease of erection. One-piece bands 
are ordinarily used tor pipe‘s up to 54 in in diameter. The ordinary practice 
is to prrn ulc a button head on one end and a lung thread at the other end, 
for connection to the malleable-iron shoe by means of which the bands are 
tightened up. This construction permits the bul ton head to lie underneath 
the threaded end in the shoe, thereby allowing the hands to lie spaced us 
closely together under maximum head conditions as is possible. 

A less frequently used construction for moderate heads is made by thread¬ 
ing both ends of the hand This necessitates haxing the threaded ends pass 
one another in tlie shoe, thereby considerably increasing the minimum spac¬ 
ing between the bands 

With two-piece bands, the usual construction iH to provide the lower 
halves of the bands with threaded end* and the up]ier halves with button 
heads on which tlie shoes are hung while installing the bands. 

The threads should be so designed and made that the tensile streneth at 
the root of the threads is equal to that of the body of the bands. Rolling the 
threads will accomplish this result, and such bands are so guaranteed by the 
manufacturers. Tf cut threads are used, the net ftrongth of tlie hand will be 
that of the area at the root id the thread, requiring larger bunds. Up¬ 
setting the ends to a diameter % in. greater than that of the body of the rod 
will give an area at the root of the thread approximately equal to that of the 
rod, and permit stressing the rod to its efficient value. Tf this is done, how¬ 
ever, wider shoes will be required to fit the upset ends, resulting in n wirier 
minimum spacing of hands and a lower maximum head under which the pipe 
mnv fie used. The nuts used are somewhat thicker than standard nuts, so as 
to avoid the possibility of stripping the threads. Plate-steel wa? hers are 
used between the nut* and the shoes. 

Maximum and Minimum fiparinq of Bands The maximum spacing be¬ 
tween hands is determined by the length of unsupported stave or of the 
joint k'twTon staves which will not leak under the particular head under 
which tlie pipe is used In present-day practice, this maximum spacing is 
usually from 6 to 10 or even 12 in., in some extreme cases, and depends upon 
the thickness of the stave as well as tlie pressure head. For Ihe thicknesses 
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shown in Fig. 4 and th<3 band spacings as m Fig. 17, the bonding moments 
in tiho slaves between the adjacent bands are well within wife limits. The 
deflection may, however, be great enough to cause small leaks between staves, 
if bands of too large cross-sectional area, and consequently w T idely spaced 
apart, are used with relatively thin staves. Williin the limits of slave thick¬ 
nesses and sizes and sparing of bands shown in Figs. 4 and 17, excessive 
deflections in staves will not occur. 

Extra bands are required to support the ends of staves at the joints when 
the band sparing exceeds 6 in. 

The minimum spacing lietween bands is obtained by staggering the shoes 
around the circumference of the pipe, usually in groups of three, with one 
shoe at approximately the horizontal diameter, one 
above, and one below, as indicated in Fig. 3. This 
arrangement permits the bodies of two 1 mi nls on oil her 
side to be brought into coni art with a shoe, so that 
half the width of the shoe plus half the diameter of 
the band used determines the minimum sparing and 
the maximum head under which the pipe may be used. 

Figure 0 shows Ibe minimum spacing from center 
to center of various sizes of 1 minis from to lVi in. 
in diameter, with shoes of conventional design and bn 
bunds having bill ton heads. 

It is customary In vary the spacing of the bands for 
small increments of pressure head (usually taken at 
5 ft or less), ami thus to make the metal in llic bands 
work at practically its full etliciency. In this particu¬ 
lar, wood pipe has an advantage over pipe in which the stprl shell or reinforce¬ 
ment increases by large percentage increments or must lie of a certain mini¬ 
mum thickness for the sake of stability, and lienee cannot lie as economically 
employed as the steel used in wood-pipe bands. This advantage is greatest 
for large pipes at low heads. 

For machine-banded pipe, (lie bands may take cither the form of round 
tit eel wire, or of flat steel galvanized bands, as may lie specified or preferred. 

Diameter of Banda. The maximum cross-sectional diameter of band is 
largely a matter of convenience in ereclion. For pipe of, say, 12-ft diameter, 
a band % in. in diameter is capable of being applied without too much labor in 
erection. Band" having diameters of 1 in. to VA ill. can lx* used if required 
by the static head, but thr labor of erection is of course increased. 

The minimum diameter of kinds varies with size of pipe, and allowance 
must lx* made for the possibility of corrosion and reduction of area, which is, 
of course, a more serious matter with the smaller than with the larger bnndF. 
In prartice, VAu. diameter bands are about as small as should lie used for 
continuous pipe of 5 ft or more in diameter. Figure 17 shows the band 
spacing for wood-stave pipe for different sizes of bands to resist different 
heads. Thr head used should lx* llic total static head phis the possible surge 
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head at a given point. Figure 7 shows the weight of hardware, including 
bands, shoes, etc., per linear foot of pipe for different pipe 1 diameters, heads, 
and sizes of bands. 

Bearing on Staves. Bands should he designed so as not to indent the wood 
over an area greater than 90 degrees of the eimunferenee of the band. For 
Douglas fir, the lien ring value of bands and their eonnectiiig shoos should not 


•£(">80*1267) 

MJs = Weight of steel bands (lbs. per ft.) 
a « Diameter of bands (inches) 
m * Band spacing (inches) 

D = Diameter (internal) of pipe ffeef) 


KEY 

Connect with parallel tines 


Fig. 7. Parallel rlirtil showing tlie appi oxmiulr woiglit of steel bands, shoes, and 
lifudwnn» in imitinuniis woodwax c pipe per loot of linglli of pipe. 

cxeeed S00 lb per sc| in. of enntaet surlaee; for redwood, this should be 
reduced to OCX) lb ]>or sq in. 

Sueh bearing pressures are due to in) the pressure head of vater within 
the pipe, ineluding surges, pressure due to swelling of wood, el and ( b) 
the weight of the pipe itself and the eontainod water. 

These two liearing presMires are combined in a pipe supposed on one or 
more bands lying in a cradle, lienee a sufficient number of bands must be 
provided in each cradle to keep the maximum liearing pressure within the 
above limits, unless cipher means, sueh as grouting between rraiUe and pijje 
shell, are resorted to for support, in whirh event only the pressure due to 
pressure head will runic into play. 
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TONGUE# UH BUTT JOINTS AT ENDS OF STAVES 

In cradles, the pressure due to weight oi pipe and water is supported on 
the horizontal projected length of band lying in the cradle and w a maximum 
at the center of the cradle; the component due to pressure head, etc., is 
proportioind to the equivalent pressure head above any point on the circum¬ 
ference. 

7- Tongues or Butt Joints at Ends of Staves. The ends of adjacent 
staves are made tight against leakage by means of tongues or butt joints. 
The simplest form of tlie tongue tyi* i« a rolled-steel plate of No. 10 B. W. 
gage, Fig. K. These tongues are cut square and true and are usually made 
1% in. wide and of a length Vie to % in, _ __ 

greater than the width of the slave at 
the slot. The slots or saw cuts in the 
euds of the staves into which the 
longues are inserted are usually made 
% in. deeii, allowing the tongues to cut 
% in. into Ihe wood. F,0 - S - TonpWyr*. butt joint. 

In Ireezing climate? the Imtt end** of staves, especially neer the top of the 
circumference, often split outward. Apparently the splitting ip caused by 
the alternate freezing and thawing of water which accumulates in the small 
pockets formed by flic spaces between stave end? and the metal tongues. 
Thi* lias l>ocn overcome by placing galvanized sheH metal over the joints 
and under the adjaeent bands with a plastic bituminous material underneath. 
II is quite possible that the plastic material alone might l>e Huflicient, pro¬ 
vided ihe pockets are carclulh filled with it. A device similar 1o that de¬ 
scribed in the following paragraph is also rJTectivc 



Fin ft. Kiisi’V inallciibli’-iron butt joint. 


Figure ft shows the Kolsov but* joint, which makes a Wronger joint than 
the simple tongue and i' particularly applicable when pipe* w installed to 
work under conditions of suction or vacuum, as it transmits the stresses 
from the joint to all four of the adjacent staves, and aids in keeping the ends 
of staves from splitting. 

In erecting pipe, when entering the tongues or show at the end joints, the 
adjacent sta\es should he spread apart by means ol chisel? ho ah not to wore 
the radial edges of staves unnecessarily. 
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8. Shoes for Bands. Shoos should lx* run do of high-class, malleable 
oast iron, sound, smooth, and fiw from defects. 

The shoes that connect the ends of hands should be so designed os to have 
n strength at leasl equal to that of the gross cross-sectional area of the bands 
themselves. Several designs of shoes have been made and used satisfactorily, 
but by careful attention to design, it h:u» been possible to reduce greatly the 
weight of metal required in order to meet this specification. Figure 10 shows 



a satisfactory type of slim*. In the usual designs, provision has been made 
tor bands having a button head at each end of the top half of tlio band and 
threads on the lower half. The dengn most frequently u-od ha** open-sided 
slots, which allow the slice to lie sJipj>e<l under the button head, and the 
other pait of the band, with tin* nut partly screwed on, to be slipped into 
place without having to slide the shoe endwise over either section of the band. 
Sufficient bearing ami should be provided to keep the bearing on the wood 
within the limits specified in Section (1. 

Some of the older design** were so made that the shoes had to Ik* slipped 
longitudinally over the bands; and, in certain of them, the bands were pro¬ 
vided with llircads and nuts for both top and Ixittom sections. 

9. Allowance for Initial Swelling and Compression of Wood. In 
addition to resisting the static head of water at unv point, the bauds must 







INITIAJ SW LI LINfi AND C OMPRESSION OF WOOD 875 

ipsisI am iddilionil In id due to possible surges md ilso, it lc iht tempo- 
idiil> y tli« pressure productd b\ tin inifnl suclhnp of the stives when first 
situnfed on filling the pipe The swelling press ire to Ire lesisted b> a single 
bind is tbit on in irev hiving a width cqml to the mini thickness of the 
stives uid i length equd to the longitudiniJ spuing center to centei, of 
buiels Adiins* concludes lint the ultmnte pussur* ihie to swelling miy 
be Liken siJelv it ( X) to MX) Jh pn sq in Tn the (\]Hiinunts with liolh ied- 



TH 11 Diigiim shewing 1 lu ciiun dent men isr in st itir Ik id on wond-stivr 
1 ipi r uisid lv milnl ^wi llin^ of wool on filling pipe willi w itu f »i 10 -in bind 

sp i< ing 


wood uid Oregon hi quid id bv Ad mis md m the discussion of his piper bv 
D C lluinv millil swelling piessines up to »00 lb pti sq in were observed, 
blit these soon dene »sed is the wood Ik r mu ‘•itmitid to vihits between 
7 P > ind JW lb pi i sq m J lguro 11 show* the st itu he ids eqwvilent to a 
pTessim ol C X) 1b per (| m lot the usud thicknesses of stnes md diuwlcrb 
of pipe whieli w is tiken bv Adims is the most prohibit v due is i result 
of tin c\peimunis llu vilors shown m Tig 11 m Insed upon 10 in 
spiring between renters ot bineK Alter the wood his oner become thor¬ 
oughly siltinted md the binels hive niclentcil themselves mtu the stives, 
this pirshim islugelv relieved 

From the Iniegomg it is evident tbit the bind '■dies* resulting fiom the 
swelling of the wood is ot grntei impoitmer when binds m width spued 
As the spiring is reduced, this sties'- becomes \ smillci poitiem oi the totd 
-.tiess whith the binds must iisisf Since the mitnl swelling pnssuie de- 

*See p 37 of Ref 1 











676 WOOD-STAVE PIPE AND CONCRETE PIPE IChap. 32J 

creases rapidly, it is not necessary to take 1 the excess over tile ultimate pres¬ 
sure into account further than to keep the initial bund stress below the 
elustir limit of the steel. Some of the wood-pi])? manufacturers disregard 
the swelling pressure entirely in designing, on the assumption that it practi¬ 
cally disappears within a few weeks after the pipe is put in service. 

When the initial stress due to swelling is high, it is advisable to till the pipe 
slowly, thereby affording an opportunity for the swelling pressure to decrease 
Ijefure subjecting the pipe to the full static head. 

10. Minimum Allowed Radius. Continuous wood pipe has a certain 
degree of flexibility and may l>e laid to any desired radius not less than ap¬ 
proximately fifty times the normal diameter of the pipe. Somewhat sharer 
curves can be used but will cause difficulty in erection. Horizontal curves 
are formed bv pulling the pi]>c into line by means of chain blocks after a few 
bands an 1 in place. This becomes very difficult if too small radii are 
attempted. 

11 . Pipe Supports. Some form of exterior support or saddle, extending 
at least partially up the side* of continuous wond-stave pipe, is usually neces¬ 
sary. These supports range in form from (l)a simple crcw« sill of timlier, 
with additional blocks of wood on either side, which are cut to the ratlins of 
the outer circumference of the bund; to (2) a concrete, masonry, cast-iron, 
or structural-steel saddle extending up lowurd or above the horizontal diam¬ 
eter of the pipe 1 , formed to the external radius of the bauds, or, at least, sup¬ 
porting the pipe at three or more points. Typical saddles, which arc also 
suitable for sleel pipe, arc given in Figs. G of ('ha]iter 31. 

The loading imposed on the cradles by the weight of the pipe itself, plus 
the procure within, and the stresses caused thereby, is determined in the 
same manner as for stool pipe. The reader is referred to Station 13, Chapter 
31, for loadings for steel pipe. 

The current practice as to sparing and width of cradles longitudinally 
of the pipeline is shown in Figs. 12 and 13, in which the maximum and 
recommended values are graphically shown. The area of contact between 
Ihe cradle and the pipe should not lie smaller than that required to give a 
l>earing pressure lietween the bands and the wood of N00 lb per sq in. for fir 
and pine, and l>00 lb per sq in. for redwood. Carrying the* cradle up to or 
alcove the horizontal diameter of the pi]>c greatly increases its ability to 
withstand external loading, crushing, or vacuum. 

Figure 12 shows the minitnum ami the recommended included angle or por¬ 
tion of the eircumferenee of a wood-slave pipe which should Ik supported 
in the cradle, as well as the best width of the seat of the cradle in which the 
pipe lies. Inspection shows that, for all but small pipes (3 Tt or less in diam¬ 
eter), some bulging occurs immediately above the top of the cradle even 
though it extends up to the horizontal center line of the pipe; and that the 
first fiillj r exposed stave fdjove the cradle is usually forced outward beyond the 
stave lielow it. This nmy be prevented and a stronger and more satisfactory 
pi|>p insured by extending all cradles at least R degrees atwve the horizontal 
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(piiici line h nuking the inelueled ingle it least 100 degrees, or grcatei, 
is shown m fig 12 

from tlu ibove, it 1 ^ ippirent thit, is iht dnmrttr of pijM? mereasefa, 
so dso should the thukiuss ot the indie and the ingle of (ontdil 



Internal diameter of pipe feet 

Ik 12 ReiomtiHndcel width of emfle sc ils md mrludid ingle fm weioel-stdie 

s 


\Murc thi s]iicing between iridUs is too gre it iftic pipe flittms it the 
(i idles mil sin between them 

P irtieulu it tuition should hi gnrn to found ihun conditions to insure 
thit the suldlrs will not settle or get too f ii out of line In this putuuku, 



fie 1) Spins m 1 line 1 ness of st lies Toi woeiel-st ue pijK 

wooef pipe possess m uh ini igc o\ei other l\pe- of pipe in tint it is f!c\ible 
,nd ( m iminimodlit itself to slight (hinges of gi iile ind ilmement without 
bung senmisK dunked or hiding lti- iiselulmss linpmcd 
12 Painting and Creosoting Jlu most conn ion methewl of tre itment 
is b> the piessiireMdCuum rrcosoting process, whieh levies a lesidut of about 
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8 lb of creosote oil ]>er cu ft of woorl. This treatment will Ik 1 effective over 
varying periods of time 1 , dei>ending upon tlie climatic conditions and the char¬ 
acter of the wood. Such treatment can he renewed by a brush or air-sprayed 
coat or coats of light creosote oil, as conditions may require. 

Slaves tend to decay at the ends and where they are bruised. It is there¬ 
fore desirable to dip the ends in creosote oil or other preservative before' laying 
in the pipe, Creosote oils appear to he the most suitable for the purpose as 
they are not soluble in water and they inhibit rol« and fungi. 

Experiments made with Douglas fir croosotcd by tlie high-temperature 
process show a loss of strength up to 30%. Therefore, the low-temperature 
process should lie used for staves. 

The life of a pipe const meted with untreated staves may be lengthened 
by spraying or painting its exterior with hot light creosote oil, esjieeially before 
Ihc pipe has bi*en filled with water. Later, after the more volatile oils have 
evaporated, it should lie given a hot sealing coat of refined asphaltum, if the 
longest possible life is desired. Itaf ore applying thi* treatment to pi ties 
filled with water, obviously all leaks must be carefully stupiied. Sueli treat¬ 
ment must be repeated at more or less frequent intervals if best results an' 
to Ik* obtained. Some question ap]iears to exist whether there is an inter¬ 
action between creosote oil and asphalt-base jmints. Either tar or asphalt 
paints will serve ns efficient protection to the steel and metal parts of the pipe. 

For greatest permanence, womWave pipes should be built of eroosoted 
staves, regardless of the pressures to which tliev are to be subjected or llie 
conditions under which they are to be laid or used. A hot coat of refined 
asplialtuin applied to a prc-crcosoted pipe after erection will add to its useful 
lire. Films of untreated wood cannot be expecled to ha\e as long life as 
those whose wood and metal parts are properly treated and maintained. A 
recent inspection of vond-sune pijies in the eastern United States sIiowihI 
that those pipes which wore in the best condition for their age were those 
which had lieen treated as described above. 

Ordinary paints lia\e been applied to wood pipe, but the 1 objection appear.* 
to be that they require more frequent renewal in order to preserve the pipe 
satisfactorily. 

When repairs or replacements become noma-ary, it is sometime;* found that, 
if not. protected, the threads on the bands have become so rusled that it is 
impossible to get the nuts off. Tt is then necessary to cut the bands, utul 
the loss of the bands and nuts results. Initial painting and occasional repaint¬ 
ing of bands and threads with asphalt- or tar-base puint will otivialc this 
difficulty. 

13. Life of Wood-stave Pipe. The life of wood-stave piiie has been the 
subject of much discussion; in general, it may lie said to depend upon: 

(n) Hr design and tlie method of installalmn, whether exposed, partially 
buried, or buried. 

(h) Tlie nature of the soil with which it comes in contact. 
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(e)lhe protpiiinn 'ultcmloil to tin* Mavra and innlal apputtemuicra, i<p_ 
wliptij«*r trc'ttlcMi or untreated witli piunt or other preservative, galvanised, etc*. 

(o) Maintenance after installation. 

(e) WJipHiw the pipe ia conlmuuuBly filled wuli water or mtermiUently filled 
and emptied and allowed to (by out. 

(/) dims lie conditions. 

(g) The wood of which it is composed. 

The life* of wood-slave pipe, limit r favorable conditions with proper treat- 
ment, nuiv lie assumed to bo 20 to SO years. Experience with a jiumlier of S- 
to 12-ft indicated wood-stave pi]>es ii New York at ate indicates u UHoful life 
in excess of SO years for pipes earofnlly maintained. Pij>es sprayed willi creo¬ 
sote as described alxjvc give e\eri indication of a much louger life, while pre- 
ereosotecl pipe* show little evidence of deterio rati our. 

If a careful and intelligent study and appraisal of the conditions affecting 
the life of a given installation is made, anil able designs, materials and protec¬ 
tion provided, and the pi]ie and related struetures properly inspected a -id 
maintained, a useful life of SO In 50 years or more should Ik* attained for a 
pi]>e continuously filled with water, except under unfavorable conditions which 
will be more fully discussed iu the paragraphs following. 

In general, it may be stated that a wood-rtfave pijK* of fir should always 
receive preservative treatment unless a life of 5 to 25 years, dejiendmg on the 
surrounding conditions, is all that i* required. As is elsewhere pointed out, 
it is a great advantage In have the entire pipe exp wed so that it may bo 
readily inspected and the preservative treatment renewed when necessary. 
Tf this is done, the maximum useful life ninv be attained. 

(a) Dvaiyw and installation When a pipe is to Ik* u«ed temporarily, the 
question of the manner of insfaliation is not very important. If, however, 
long life is desirable nr essential, experience indicate* that the maintenance 
of pipe in good condition is much facilitated bv installing it entirely in the 
open on mutable cradles. A jape so installed can Ik* easily and frequently 
inspected so that any repairs ot maintenance can be quickly and easily accom¬ 
plished liefore serious injury or damage results. 

Wood-stave pipe has boon laid underground lint such pracliee in nol recom¬ 
mended for the following reasons* when buried, the wood decays more or 
less rapidly (very rapidly in some soil*); small leaks may go unnoticed for 
long periods of time*, while those which are found may manifest themselves 
long difttauees downgrade from their sources; exterior inspection is impos¬ 
sible, ami maintenance is slow and costly, because the pipe must be exposed 
bv excavation before its condition can be ascertained and repairs made. 

Sufficient sjwiee should be loft under and around a pipe laid aboveground 
to iiiHiire, so far as possible, that no earth or other material cun find itrt way 
into the trench and remain in contact with the pipe*; or, at least, means should 
lie provided for removing such material boon after it is deported. 

For the larger sizes of pipe, some form of support or cradle at frequent 
intervals is very desirable and, in fact, practically <*Hsential. No positive 
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formula has lw*cn worked out, but in practice it is rustomary to spare such 
supports as described in Section 11, “Pipe Support r. 1 ' There is an instance on 
record of a large wood pipe remaining intact and tilled with water after the 
support had bmi washed out from under a section 50 ft long. Had the pipe 
been emptied and allowed to dry out, this section would undoubtedly have 
collapsed. 

Wood pipe for use where suction or vacuum may l>c produced, ns in con¬ 
denser lines, should }>e designed with thicker staves, and some device such as 
the KpJney butt joint should be used between ends of staves to distribute the 
stresses. If the pipe is large and the vacuum high, the safety of the pipe may 
require that it lie incased in concrete. 

Wood-stave pipe is not suitable for pump suction lines on account of the 
practical impossibility of preventing air leakage through small leaks in the 
pipe, unless the pipe is incased in concrete or other material which will effec¬ 
tually prevent such leakage. 

The design and installation of a satisfactory wood-stave pipe involves 
siiecial knowledge, obtainable only from actual experience. It will usually 
lie found advisublp to intrust the construction to one of the established manu¬ 
facturers and to consult with tlieir engineers about design ami layout, thin 
taking advantage of their experience, which is bound to be much more ex¬ 
tensive than thiil of must designing and construction engineers. 

(5) Protection: Paint iny and Treatment of Stave*. Many pipes have been 
laid without any treatment of the staves. The useful life of wood depends 
upon its ability to resist decay and the attacks of fungi. Hence, treatment 
with a preservative which inhibits such attacks and renewal of the treatment 
at suitable intervals will manifestly greatly lengthen its life. Such treatment 
is descrilied in Section 12. 

Where maximum ]K*nnauence i» desired, such treatment is essential. An 
untreated pipe cannot have as long a life as one that is properly treated 
and maintained. 

(c) Maintenance. A pipe should be insjx*ctcd at sufficiently short intervals 
to insure that no serious deterioration has taken place since the previous in¬ 
flection, Aliy serious leaks should lie s1i)p]ied up by llie means suggested in 
Sections 4 and IS, and the protective coaling or treatment should be renewed 
whenever inspection reveals that this is necessary. Also, all structures and 
appurtenances of the pipeline should be renewed or repaired whenever any 
sign of failure or serious damage is noticed. If these precautions are taken, 
the life of any pii»eline is bound to lx* greally extended. 

( d ) l*ipe Coiit inuously or Intermittently Filled. A pipeline that is con¬ 
tinuously filled with water will not deteriorate as much as one that is emptied 
and allowed to dry out for longer or shorter intervals of time. 

(p) Climatic Conditions. Tn extremely hot. dry climates, as in the arid 
regions of the western lluited States, excessive checking of the staves occurs. 
In climates where hot, dry iM*riods alternate with wet periods, allowing the 
exterior of the wood to Ik'coiiio alternately saturated and dry, decay is 
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hartenod. rrwrvntiVc treutmont will Rreutly minimize l,o«h these ronditioM 
and prolong the useful life* rtf the pipe. 

(/) Wood for the Stave*. Tho kind of timlK-r used for the staves has a 
inurked effect on the life of the pipe, fin explained in Section 5. 

A report of an investigation by the U. S. Reclamation Service, quoted from 
an article by W. II. Nal.lor and furnished by the Denver office of the Service, 
has resulted m the following conc'iiMons as to conditions tending to shorten 
the useful life of wood pipes: 


(<t) Intermittent Hen ice. Pipes full of water during the 
emptied during the mmiirigaaon season. 


irrigation season and 


(h) lust alia lions made in gravelly or open soils, 

(e) Installations made in alkali soil, resulting in destruction of the joints and 
wire winding. 


(r/) Installation* of Tnucldnc-hunded pipe in which separate wooden collars 
mo used at joints, and in which these* rnllars tr»iul to rot out while the pipe walls 
remain in good condition, duo e\idcntly to the fart that the collars are not so 
thoroughly sthualod in service as the walls of the pipe. 

(f) installation* under low liydiuslutir head, say, lean than 15 ft, which is net 
sufficient to saturute uiificosolcfl wood ]irupeil>. 


14. Expansion Joints not Necessary. Owing In the low coefficient oT 
expansion of wood, the relatively oliort lengths of staves, and the fact that the 
end joints are made tight by longue*' ur Imtt joints, which pennit a slight 
mo\emenl without causing perceptible leakage, expaii-iou jointn in wood pipe 
are unneco-sary except at connections 1o other structures or other types of 
pipe. 

15. Freezing. No record of *onous effects in wood-stave pipe of the sizes 
and lengths twil in li\ droelect ric installations is available. Ail aeeouut or 
freezing in a iffihi-iwle section of municipal water-supply pipe in tho state of 
Washington was given in Entfmeering AVick-/ freon/ of DecemlKT ttl, 1925, 
page 1077. Kush I mile- u! tin.- approximately 2X-m.-din meter line was left 
exposed, mulling m the lorninhon of some ice each winter. In the winter 
of 1024 and 1025, a iO-m. thiekni*ss of icc formed, reducing the interior 
diameter of pipe lo S m. Tin- ire was subsequently removed at a sandbox 
ill Ihe line when Ihe weather became warm enough to permit the iee to Ihnw. 

In this particular case, it \v.i j tcnind that frivziug caused spalling or break¬ 
ing off of the outer half of the ends of Ihe staves over the steel-plate buU 
joints. Tlic.-e breaks were repaired by placing galvanizcd-iron plates over 
ouch break and fastening them oil by means of two additional hands, quite 
similar to the repair mentioned in Section IS. (See al**o Section 7 for other 
suggestions.) \ device similar to the Kelsey malleable-iron butt joint (Fig. 9) 
would prevenl or greatly reduce splitting ill ends of staves. 

Tn freezing climates, snow invariably collects to greater or less depths on 
the top of wood pipe and undoubtedly helps greatly to insulate the pqie 
against freezing. No cases or any serious loss of head in wood pipe during 
frizzing weather him* come to the attention of the writer. Tt is probable 
that veiy little ice form- inside such pipes, except jierhapn where a pi]>e is laid 
iqi and w'ater is permitted to stand in it for a considerable length of time. 
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16. Accessories. Connect tons to Steel Pipe. Wood piiw should lie con¬ 
nected to steel pijic by means of a slip joint, on account of the possibility of 
expansion and contraction of the steel pipe. Figure 14 shows a typical slip- 
joint connection which has l>een satisfactorily used. A joint should have a 
retaining ring at the inner end, in front of which oakum or hemp {lacking is 
tightly driven up and, in the simplest possible case, held in place by a retaining 
ring ns indicated. 

Under heavy pressures such a joint will leak more or less. If leakage is 
objectionable, it will be nrrensiry to install a ring of Z section, which is capable 



of sonic movement and can be tightened up b\ nienn^ oJ nut'- on the studs 
shown in the figure. Where n joint made as above described cannot be niI- 
isfaetonly kept light, lead wool may be tiglith calked in for the last 2 in. oi 
more at the outer end of the joint, after which the retaining ring is to be put 
an and lightened up. Another method is to {lack the joint liglitlv with oakum 
at the inner end, then pack tightly with dry cement mortar in within 3 in. 
from the outer end, and the mri.-under with lead wool tightly calked, and then 
tighten up the retaining ring. 

The annular space outside the wood \arios from 1 to 3 in. in width in dif¬ 
ferent deigns. The smaller the space in which the oakum or other packing 
can bo tightly calked, the better an* the results obtained. 

At such joints, the steel pipe should, if possible, lie securely anchored in a 
concrete block; otherwise, appreciable movement and leakage ma\ fake place. 

Connection* to Coiicreti Pipe , Ihimtt, (tc. For connecting wood pijM- to 
concrete pipe or other concrete work, as at dams, etc , an annular joint, quite 
similar 1u that just described for steel pi]>e, should l>e provided. This joint 
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will not difltr isscntnlK fiom tbit desoibed ilwie, itecpt that, where eon- 
nertion is nude into 1 1 irgi miss ot contrite, the m lining ring mtiv not be 
requited, pirticuluK illicit i low lie ids If the iit lining Ting is omitted, the 
outci poition of tin Jj uking-1 onld pit tirdili 1 h ot It id wool solidly edked in 
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vent pipe ronnu turn is shown in Tig Connections ior minhules. dtaiDb. 
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toi round ting flu hinds Tn iddilinn i Loll whuh rlostlv fits i lip fonnrd 
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Sections of bands are cut off and threaded to suit the lugs on the sides of 
the casting, and are made of lengths which will secure the proper staggering 
of Ihe shoes at the hides of the pipe. For tall and heavy vent pipes, etc., it is 
necessary so to arrange the design, as indicated in Fig. 15, that the vent 
pijie itself is supported exterior to the pipe and the slip joint provided with 
a packing gland, so that the “breathing” of the pipe can take place inde¬ 
pendently of, und without causing movement of, the vent pi]>c or burge tank. 
The inner member of the slip joint should preferably Ik 1 made of bras* so ns to 
have no tendency to rust fu>t to the iron or steel casting attached to the pipe. 



TypaA 

Fiji. 16. Typical brunch conned ion for wnod-shno pipe 


Special Bends. Where the radius of curvature is smaller than that to 
which the wood pipe can be successfully bent, it h nece^nry to install special 
bends which may be muilc of plate .steel, cast iron, or concrete. These bends 
should be provided with joints as descrilied above, umler “Connections lo 
Concrete Pipe, Dams, etc.” and should be securely anchored against move¬ 
ment. 

17. Special Requirements and Precautions. In laving out wood pipe, 
it is desirable to provide sufficient space between adjacent pipes and between 
pijies and other structures, such as retaining walls, piers, etc., to permit ratchet 
wrenches to be ajicruted iu tightening the nuts or cinching the pi]>e, and also 
to permit workmen to go completely around tin* pipe*, for the purpose of 
erection, inspection, etc. The minimum space for this purpose is about IS in. 

In laying out the pipe, it is necessary to keep the profile below the lowest 
possible hydraulic gradient under exlreme operating conditions. If, as the 
result oi some temporary condition such as uncxpeclcelly low h^ad, or pond 
elevation, any points fall above such gradient, adequate vents, air valves, or 
varumu valves should lie provided. Such vents and valves should be eoin- 
pletely protected against ireezinp, as otherwise they might lie inoperative when 
required to function, und in several instances, their freeziug has resulted in 
coUajUN?. 
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Every precaution should be taken to insure the wifely of a pipeline against 
damage or failure due to washouts from any cause. Wherever possible with 
economy, foundations for supporting structures should always be carried to 
rock or other firm bearing strata. Where streams flow beside or underneath 
a pipe, suitable retaining walls or other construction should be provided to 
limit the possibility of washout in cases of flood. 

In sandy or easily eroded soils, a very satisfactory and efficient precaution 
against serious scour was provided in at least one case by driving rows of short 
sheet piling at right angles to the center line of the trench and carrying them 
a short distance up the sides of the trench, so that any conceivable volume of 
water from ordmary Leakage would lie compelled to flow over the top of the 
successive rows of shooting. These rows wore spacer! sufficiently close together 
so that even on ralher sleep grades there was but little vertical fall between 
successive rows. Where the fall was considerable, the length of shooting was 
made at least twice the vertical height between sucosive rows. 

On Alls, unless they are of extremely porous material, not easily eroded, 
it is important that means be provided for controlling the flow of water result¬ 
ing from leaks, and for carrying it tn and down paved or otherwise protected 
channels to a safe distance from the pij>eline Unless tins is done, their 1 * a 
possibility of a washout due tn leaks winch occur when the pipeline is first 
filled and may also occur at some subsequent tune. A pipe should .also be 
protected from the possibility of being floated by the presence of water 
around it at a time when it is empty 

18. Maintenance. One occasionally hncls leak* that cannot be closed bv 
the customary plugs anil wedges. In several instances wiion this lia* occurred, 
steel plates of approximately No 10 gage, lolled to the radius of the outei 
circumference of the pipe, have been inserted under the parlly loosened bands, 
after which the bands were again tightened, w T itli satisfactory results. 

A repair w r as made to a large pi]**, in winch the staves w r cre deeply rotted, 
bv cutting away the decayed portions, w T edguig under the bands with pieces 
or wood, and applying 2:1 Portland cement mortiiT reinforced with No. 10 
iron wire of the sort ordinarily used for tying concrete forms. 

Where plain tongues (Fig. S') are used, water collects in the spacp lietw’ecn 
the ends of staves near the top of the pipe. In very cold weather this freezes 
and eventually splits the upper half of I he staves outward, hastening d # cav 
and accentuating leakage. Packing the spaces with bituminous material and 
providing a protective cover of galvanized iron slightly wider than the stave 
and long enough to slip under and be held by tw r o or more loosened bands, 
which are then tightened down over them, makes a satisfactory repair. The 
use of a butt joint similar to Fig. 0 when the pipe in erected will largely, if 
not entirely, prevent this condition. 

B. Conc’retk Pick 

10. Advantages and Limitations of Concrete Pipe. The advantages 
of reiuforced-concrete pipe are long life and freedom from maintenance. 



CAST-IN-PLACE REINFOBCEIM'OXPRF/rR PIPE BSS 

rarttaSi ^ P whcn ^ *"* **“ “ 26 to * yc«w are in aa good 

buf'^Tt^ P,Pe f T* CX+CnHiV( “ Iy m '■° nDwtion waterworks 
but not m» extensively , n hydroelectric developments. In the lancer M ie> 

usually required in hydroelectric woik, wood-stuve pipe and steel pipe have 
generally proved to be less expensive. However, ii!h the develop* 
ir i-pressuie preeast rrinioreed-conercto pi]>r tor hencls as high as 600 ft. 
there are piojeeta m which wieh pipe would prove economical!) desirable. 

Xme^re; ai,1,1,e,l1l °^ 01 ^ W* <• Metric de- 

(nj Ihqh-hne Conduits, generally undei bends ol 30 to 60 ft A l°Wt- 
diauieter precast reiniorce, 1-concrete pipe his been iwsl under such conditions 
(6) l distorts, under Ik >ds ranging Iroju 50 It upw ml The use ol reui- 
loi red-concrete pi])e is here prolwbh cconoiiinallv limiUtl to moderate heads 
oi J00 It oi ho mil to ii»] itiveh srn.ill diimetcis. 
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Longitudinal Reinforcement 

17-Wham nth 36-11 long lapped 3 -2' spaced about f 0" 

Vumw’iar mnjouement spaced4 clot 
Head Rodi Lingth 

70 ftdiamet* gf 

30 &' 35'-70* 

75 W * nw 

(\mu<r< pipe foi Sip)ion No 12, Lus Anunli i Amu'diicl. 


20. Cast-in-place Reinforced-concrete Pipe. RHnforcpd-conrrptc pipe 
hii«i been cast in place in fli imeter sizes up to about 20 ft. A typical cross* 
section of a ra-t-in-p] ire pipe is shown in Fig IS. 

The use or cnt.1-in-pl.ioe rcniioroM-conoreto pipe is limited to heads of about 
100 ft h(v.m&e ot the cliflu , ult> in obtaining a ilen^e ini\ under conditions 


WOOD-STAVE PIPE AND CONCRETE PIPE [Chap. 321 


usually encountered in high-head developments. However, with a watertight 
tube of welded steed built into the pipe, it has been used for higher heads. 

The concrete for cast-in-place pipe should Ik* poured in cold weather to 
prevent shrinkage cracks due to teinj>erature changes. Expansion joints are 
not considered necessary if ample longitudinal reinforcement is provided. 
Construction joints are cither kevinl or installed unh home types of water 
sloito and the longitudinal reinforcement in made continuous through the joint. 

21. Precast Reinforced-concrete Pipe. There is, under many condi¬ 
tions, u material economy in using precast concrete pipe in preiercncc to 



Fig 19. Cioss-section of u 69-in piesliewd connote pipe. (Luck Joint Pipe Co.) 

enst-in-pl.ice concrete pij*\ Piecast pipe ih in ide in shoit lengths, either caul 
in forms or centnfugally spuu, and manutactuml locally or at a central plant. 
A typical cross-section of a precast rein forced-concrete pipe, as made li> the 
Lock Joint Pipe Company, is shown in Fig 19. 

In hydroelectric work, precast concrete pipi h Used in diameter sizes from 
S to 12.5 ft, ami for heads ranging up to 500 tt The Lock Joint Pipe Com¬ 
pany has developed a concrete piessme pipe, consisting of a vvlded sled 
cylinder surrounded on the inside and outside by reinforced cone etc, which 
has liccn used for diameters up to 12.5 ft and for the higher heads up to GOO 
ft. The use of precaM concrete pipe requires special attention to obtain 
smooth and watertight joints. 

22. Joints in Precast Concrete Pipe. A joint, to be effective, must 
be watertight and at the same time should be sufficiently flexible to adjust 
itself to pipe expuir-inn and contraction, or to normal earth settlement. Fig¬ 
ure 20 indicates a typical high-pressure mbbei and steel joint for precast 



I I ' steel joint rings ^ Rubber gasket Mortal 

f 69 die 

Section through joint 

lit 20 ITigli-i itV'Uif inhhci inti sfic 1 imnl lot i 69 in i amide \n\n llote. 

Joint Pipe Co) 


mnlnind confute pipe V lubbu gi ktt fitted into tin imp it the spigot 
tin! piuMilc* i w tl« cout it. 4 minn tin lull ind spigot rods re li scope 

t uh ollwi The t imU inside md outside tin pipe l fitted with muitdi to 
nuke i continuous smooth surluo 
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CHAPTER 33 


TUNNELS 

1. General. A general outline of the purpose :mrl use of tunnels in hydro¬ 
electric developments and a discussion of those features of tunnels that are 
common to all types of conduits are presented in Chapter 28. 

2. Preliminary Investigation. A prior knowledge of the subsurface 
conditions on the line of a tunnel will influence the design, construction, and 
cost of the tunnel. For this reason it is necessary to have a thorough pre¬ 
liminary report, before definitely locating the alineinent of the tunnel. On any 
important project such a report is based on ft) topographical surveys, (2) 
geophysical surveys, (3) core borings, and (4) geological studies. (Sec also 
Chapter 7, Investigation of Sites.) 

3. Tunnel Geology. Generally a tunnel in firm, hard rock with no leakage 
would be a most economical structure as far as safety, ease of roust ruction, 
and maintenance are concerned. 11 owner, in Inline] work problems of a 
geologic nature are sometimes encountered which increase the difficulties and 
costs of tunnel const ruel ion. 

All firm hard rock is traversed by fractures appearing as joints, faults, and 
stratifications. Joints may bo a source of leakage, depending upon their tight¬ 
ness. If not broken up badly, jointed rock usually is stable structurally. 
Faults usually are a source of trouble in tunnel work. Fault zones vary from 
a few inches to many thousand feet in thickness and are composed of shat¬ 
tered Took and gouge* which may require a lining if pierced by a tunnel. 
In areas of folded rock, the crest of a fold may consist of fractured rock neces¬ 
sitating support. 

The many aspects of the application of geology to tunnel construction are 
not within the scope of this chapter, iterance of the import mice of geology, 
the supervision of subsurface investigations and their inlerpreJation should 
be left to an experienced geologist. 

4. Loading. Methods of determining Ihe internal loading, or maximum 
internal pressure, for closed conduits are given in Section 3 of Chapter 31. 
Ordinarily the internal loading in tunnelH requires consideration only where 
the weight of the covering is insufficient to balance the internal pressure. In 
such cases the tunnel lining must be reinforced. 

♦Finely pulverized rock, like* clay. 
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5. Determination of Size. For successful operation, the size of the 
tunnel, for a Riven discharge, nun vary lictween wide 1 mills; Iml there is usu- 
«lly one size tluit will ninke lor the greatest eronomy of design (Soetion 4, 
('lmpler 28). However, there is a practical consideration in connection with 
tunnels. If a tunnel is just large enough so that the mast economical equip¬ 
ment may lie used for its construction, it is often chca]icr per linear foot than 
a tunnel of a much smaller diumetei which is loo small to use such equipment. 
For an unlined tminel in good hard rock it is prolmble that a 14- or 15-ft 
diameter is more economical than any other size under the prevailing high- 
cost labor conditions in the United States. If the tunnel is lined, the economic 
cquntiun must be modified, and, in most cases, the cheapest tunnel per linear 
foot would lie of a much smaller diameter. The minimum size tunnel for 
efficient machine excavation is about SXS ft. 

The wide range of possible diameter sizes is shown by the fact that the 
Hoover Dam diversion tunnels arc o() ft in diameter and the 4.5-ini Bov 
diversion tunnel near Mai seillcs, France, completed in 1H27, is 72 ft wide urn 1 
M ft high. 

Practically any velocity consistent with economic design may be used in 
tunnels. 

6. Shape of Section. The «hn]>o of Ihc section through absolutely stable 
material mav be whatever proves the most ecoiiomicid from a const ruction 
standpoint. When the material is not absolutely Ht.dde, the shape of the 
section iiiu**t be Mich that the lining affords the besl resistant e to the external 
pressure*. This vane*, with the nature of the materials through which the 
tunnel is driven, ami no sUndaids have lieon generally adoplcd. Typical 
tunnel mi^s-sccfions are unhealed in Figs. 1 through 4. 

The roof of the tunnel is almost invaiidM) supported by a semicircular 
arch. For haul ruck having no tendency to lateral movement, vertical sides 
may lie adopted a- ui Fig 1, and the bottom may lx* horizontal. 

Firm-earth or soft-rock tunnels having a flight lateral pressure are pro¬ 
vided with a hmseshoi-duped -ertinn as in l*ig. 2. 

Tunnels through very soft until .iml tunnels subjected to unbalanced ex¬ 
ternal water pressure must be circular, as in Figs. H and 4, or nearly so. It 
must be remeinlHwl lint tunnels are frequently emptied and the elevation 
of the ground waler is oftrn much increased by leakage or seepage from the 


In -ome install cos drains have been provided in the lining to relieve the 
external pressure when the tunnel is cmplied. Such drains, however are 
objectionable if thev may cause excessive leakage when the tunnel w full. 

Tunnels in rock subjected to uni«daneed externid water procure need not 
l>e circular but the lining mint bo figured to withstand such pressure by 
arehmg. A horseshoe Motion with an inverted-arch bottom is in common 

use for moderate external procure. ^ 

The bottom of an earth tunnel must be designed to support the weight of 
the tunnel and the top load without settlement. It must therefore be very 



TUNNELS 


IChai 331 

thick or slnped ab an inverted arch to dibtnbute the bide wall loadb over tht, 
whole babe. 



Fra 1 Dims Budge tunnel New IngluidPowM Co 
Wnhr cross melton nrid of tuunrl design'd 
twrige WHtu cross section mm 
Artu.il min i mu m w iti r moss mi turn arn 
^'tuil maximum wulir ciossMition iiui 
Artinl ciilnr i mis of solid '\i 1(1011 |icr lunar foot 

Min mmui tlm km ss of cninritt Imiii^ pt runt I'd 
Aw run tine km ss of com 1 etc lining pi r liucni foot 
\ccrafff dibit wuds of comittp lining pir lunar foot 


Ibl si] ft 
1C>J V sii tl 
ll»O r » sq ft 
1(>)7 sq M 
7 81 sq U 
b m 
I* 111 
1 87 


Care ut p pa r 



Timber supported section Steel supported section 


A line is the line within which no portion of support shell remain 
U line is the peyment line for excavation 

Fig 2 Section of the Colorado River Aqurdurt tunnel (R M Merriman Enq 
Nc ws-Rtc , Julv 26 1934 p 100) 

Tunnels rcinfoiccel foi mtciuil prcssim must ]> ( of 4 shipe thit will pcimit 
circuLu reiniciicemcnt, but the outside ind inside of the lining mi\ v u\ 
tiom a click lor the siko of uuncimirtl construction, pi ovule d the cnculir 
reinforcement is well imbedded 
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Without roof support 1 With stool roof support 

The A line is the line beyond which no rook u permitted to pro 
Jed end contains no permenenl support except satisfactorily spaced 
steal ribs without legging. 

The U lino is the line for measurement for payment of both ex 
cavation and concrete lining 

The C line is tho line of affective thickness of the concrete lining 
No nonpermanent material is allowed within this line and no large 
areas ot rock, stael, or other imperishable material 

Fit. 3 Dolinin \qufihi(f tumid fR W AimMiwur Jour Ntw Euql WaUr 

Wotks Assot , Vol 55 No 2, p 135, June 1911 ) 



Note B line Is the line within which no unexcavated material 
or tamped fill shall remain 


Em 4 Continental Divide tunnol (U H Biiiciu of Ita Urn it ion ) 
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7. Depth of Tunnel. In general, the Lunnrl al moment should l>o chosen 
ho an to get lx'lnw faulted, broken, or dibin lepra ted arena, or else to miss them 
by lieinp located to one side. Most ledge surfaces are likely to lie quite badly 
broken up by weathering cracks near their tops. Consequently, it it, some¬ 
times necessary to go some distance below the rock surface in order to secure 
sound rock. 

Unless the tunnel lining is reinforced against bursting pressures, the mimi- 
mum allowable depth from the ground surface to the top of the tunnel should 
he enough to counterbalance the maximum hydrostatic pressure within the 
tunnel, with no dependence placed on the shear strength of the rock. This 
criterion will Ik* met and generally somewhat excmlrd if the following simple 1 
rule is adopted: The minimum permissible depth in feet from the ground 
surface to the top of the tunnel shall not be less than Vw\ of the maximum 
hydrostatic head in feet on the interior of the tunnel, unless the tunnel is 
reinforced to take the bursting pressure. 

8. Tunnel Support. In unstable ground, supports are erected in the 
tunnel bore to hold the surrounding material in place until the permanent 
lining is in plaro. In tunnels in earth the supports may lie of a temporary 
nature since the lining operation usually follows closely the excavating opera¬ 
tion. Tunnels in rock are generally excavated throughout their length bet ore 
the permanent lining is begun, and the supports must hold the ground until 
the lining is in, which may take from several months to several years. 

Timber and steel are commonly used for the' support structure. Such a 
structure may consist of timlier rili« with timlicr lagging or steel ribs with 
lagging of either timber or metal. In sand or running ground, steel rib- may 
be used with steel liner plates or corrugated metal lagging. Steel ribs are 
usually more expensive than limber, but in long tunnels the saving in amount 
of excavation and tunnel lining mnv justify their use. The size and sparing of 
supports iitp determined by experience on tbn job as the tunnel construction 
progresses. 

Both timber and steel deteriorate when left exposed in wet tunnel-' con¬ 
sequently, they should not be relied upon for permanent support. However, 
sleel support incased in concrete can be deigned as part of the lining and in 
this way will last indefinitely. 

The empty spaces between the lagging and the rock surface must be back- 
packed and usually grouted in order to provide an even distribution of loads 
on the finished lining and to prevent the gradual deterioration of the sur¬ 
rounding rock. The type of backpacking depends upon the cond : tion of the 
rock; it may l»e timber, gravel, ruck spoil, or, especially in pressure tunnels, 
concrete grout. 

Gimite has been used In stabilize and support the rock surface. It is n*cd 
mainly on lightly Tractured rock and usually is the permanent lining of Iho 
tunnel. 

9. Tunneling in Earth. Tunnels may be driven through almost any 
material in nature, but the methods used and the co'-ts differ radically. The 
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method used in tunneling in earth dojHMids chiefly on the bridge-action period 
of the material above the roof and iJie position of the water table. Often a 
water-power tunnel must be started in earth and continued until ledge rock 
is reached in the hillside; or the tunnel must pierce a fo mm lion of soft sedi¬ 
ments or crushed decomposed rock. Vnder such conditions one of the fol¬ 
lowing earth tunneling methods is list'd (Sections It), L, and 12). 

10. Shield Method. In this method tunnel driving is done by means of 
a steel shield which ib forced ahead by hydraulic jacks resting on flanges of 
the cast-iron or steel segments that usudly ionu the lining of the tunnel. The 
lypu of shield used depends upon the nature of the inntcrial excavated. In 
self-supporting inatcimK, "itch as dry clay, cemented gravel, or shale, the 
open-type shield is gcneially employed As this shield advances, the sharp 
culling edge* breaks down the material into lilt* tunnel where it is removed by 
convenor la'll, mucking machine, nr other means. In materials such as Roft 
clay, sill, or liquid mud, thr bulkhead tvpe of shield is used. The bulkhead 
or driving fan is pushed into the material, and the muck is forced into th« 
tunnel thiough ports. 

Subaqueous tunnels thiough soft ground are generally driven under com¬ 
pressed air. The shield features an air lock which serves as a transition be¬ 
tween the pressure side when' the excavation is being done and the side oi»en 
to ihe atmosphere The pm pose of the compressed air is to support the 
ground until the lining is m place. 

Tunueling bv the shield mol hod is very expensive. 

11. Liner Plate Method. This 
method readily adapts itself tn tun¬ 
neling in any raveling material 
which can stand up unsupported in 
an opening equal to the area of the 
liner plate mild Hie plate is bolted 
iu place, lhossed-'teel eoiiugated 
liner plates Id in. wall, .‘Jfl m long, 
and V to *Vin. thick with all four 
edges flanged over 2 in. are used in 
this method of tunneling. 

For each ring, tilt* installation of 
liner plates liegins at the lop center. 

The top breast board is removed, 
and a surface aiea is trimmed to 
the size anil contour of ihe liner 
pinto. The liner plate i* fitted aud 
bolted to the preceding course. 

More brenstboards an* removed and 
the excavaiiun is widened so that adjacent liner plates can be set on each 
side. Each time that brenstboards are removed tliev are reset 111 in. ahead 
following the excavation for the liner 1 J The process is continued until 



Excavation lins* 



kreert 
concrata block 


I-beam rlbc 


Firs 5 Assemblies of liner pistes and 
iilw-. (From Richardson and Mayo, 
Practiral Tunnrl Driving .) 
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one course hag advanced sufficiently to allow the beginning of the next one, 
or until the whole ring is completed before beginning on the next one. The 
liner plates are staggered to break the joints. 

In tunnels larger than 10 ft in diameter, it is necessary to stiffen the liner 
plates with ribs, as indicated in Fig. 5. The T-shaped ribs of Fig. 5(a) and 
the I-shaped ribs of Fig. 5(5) are bolted between the flanges of each ring 
of liner plates. The ribs of Fig. 5(c) are braced within the liner plates *ru\ 
can be advantageously incased in concrete as part of the permanent lining. 

There are many innovations in the method of erecting liner plates. The 
liner plate method is faster and sometimes more economical than the fore- 
poling method (Section 12). 

12. Forepoling Method. The forepoling method of tunneling, as indi¬ 
cated in Fig. 6, is one method of driving through running ground. Timber 



Fig. 6. Forepoling method of tunneling in running ground. 

is used exclusively in this type of tunneling, but sometimes steel ribs may be 
used for supports. Figure 6 shows the method of using poling boards. 

Many individual techniques are used in the forepoling method of tunnel¬ 
ing. This method is a slow and tedious operation which requires a skilled 
and experienced gang for safe and satisfactory completion. It is generally 
used in short stretches of running ground. 

13. Tunneling in Rock. Tunneling in firm ledge rock, which does not 
require support, is generally much cheaper than tunneling in any other 
material. Methods differ materially with the nature of the rock and with 
local conditions. The. following methods (Seelions 14, 15, and 16) are most 
common. 

14. Full-face Method. In this method the full size of the tunnel is 
blasted out in each round. The development of tunneling equipment, includ¬ 
ing the drill carriage, has made the met bod economically possible for all sizes 
of tunnels. The diversion tunnels at Hoover Dam, the 91 miles of tunnels 
of the Colorado River Aqueduct, and the S5 miles of the Delaware Aqueduct, 
are notable examples of large tunnels in rock driven by the full-face method. 

The cycle of operations in the full-face method of excavating in rock, as 
indicated in Figs. 7 to 14, is as follows: 

(a) Drilling. The drilling, as shown in Fig. 7, is done by automatic-feed 
drifter drills mounted on a drill carriage or "Jumbo." 

The pattern of drill holes determines the amount of ground broken in the 
subsequent shooting operation and depends upon the size of tunnel and the 
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type of rook Finnic'8 indie it rs a 1 lineal drilling di igiam for the Colorado 
Haver Aqueduct Ib-lt-Uiuiietcr tunnels Nuniliers lefer to the ordei ot himg 
The depth to which holes aie dulled \anes gentrails iroin 5 to 15 ft and is 
ittrelj gu itir thui the width of the tunnel The dull hull's indicated ui Fig S 






A full faced heading is dnlled with eutomatiofeed dnfter drills mounted on ■ drill carnage or 
“jumbo" This consists of a steel frame about 30 ft long mounted on flanged wheels which 
operate on steel rail* laid about 9 ft apart The jumbo has an upper end a lower platform and 
is fitted with movable columns and horizontal arms of heavy steal pipe on which the dnlls are 
mounted 


Fiti 7 Dulling i full-fuid hi tiling (R W \unsfinng Jmn Nnv Er«jl Water 
Vo Is 1 sot Vol 55 No 2 j)lill II linn 1941) 


i mijifl hum 0 to 10 it Tn tin IMiw m Aqurducf V) 5-ft-cli mu tor tunnol«i, 
the nit hole*, win 12 In It it deep r lbr number ot lioli^ depends upon the 
si/( ul 11h tunnel mil tin lixluu end hudmss of iht luek, is mdu itoel in 
*ir S 



(a) Untimbered section, soft rock 
34 hole 6 to 9 ft detp 

Via 9 

diut tunnels 



(5) Untimbered section, hard rock 

38 to 80 holes 6 to 10 ft dtplh 



30 to 40 holt b 6 to 9 ft deep 

Tyj'icil dulling dngnm foi a full-find lidding Coloiido River Aquc- 
(Nunibus ill note tin ouli i of In mg) (R M Mmuinn Eng 
JVc i s-/fi r luh 26 1<U4, p 104 ) 


(b) Shooting In prepu ition for flung the lidding, the Tumbo is mmnl 
b,ick ibout ISO It to ivcml duuigc hi flung rock The imount of expln-nes 
iixtcl in looting tlu holes \wrs with Ihe job it nngc-. iroin alwiit 1 lb jmt 
cu ul ot in itunl loi gt urls mil -oil lock to ibout 7 lb in hud 101 L foimi- 
lions (Iclitiu duimute ol 40 to !*><< ‘•tiength is genet ills used for blasting 
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1*iiins is done in in order which will bn ik up the mixunum amount of 
ground, is indie ate d m Fir 8 

(c) Vtn f datmq Immediately ifler firing, the 1 ms aie K\evsed from blow¬ 
ing to (Ahuist for ibout 15 to 30 minutes to draw off the smoke and dust 



Th 9 Mm ling x full fici 1 ht lding iftti filing (K W Arnislinn^ Jour Niw 
/ mil W nti i Ho/sj4swr \nl 15 No 2 phli II June 1941) 


(d) Mud mq \s soun is tin it mu phrn it the hr uling is ileucd the 
nnuking in uhinc is nio\id lip to the imu k pile is indie itid in I lg 9 M im 
different murkinc miclmus m uulihlr on the linrket hut the Conw i\ 


r * 



Ik 10 Conw i\ mm king in u hinr (Cioodin m Minuf u luring Co ) 

miehine shown in 1 JO his hem tin most pnpulir on the tunnel job** 
luge ind '•mil] 1 hi- Upc of nurhinc is vciv iflnunt m eh ining up fh loik 
uid digging out tlu corners 
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FILL-HCH METHOD 

The upped of the mucking opcnlion u directly mflue.ne.ed by the ear- 
ch enging lime In the Deliwire Aqueduct, cm (hinging wis diioinplishcd 
by a swinging boom mounted on the dull c irn igt as mdic itcd m lig 11 



NOTE 

During the mucking operation the dnll carnage is placed about 150 ft from the heading An air Jack 
on a swinging boom mounted on the rear of the drill carnage near the top serves as a Cherry picker 
to lift the last empty muck car and swing it to one side clear of the track until the nlectnc locomotive 
pulls the loaded cars clear when the empty car is swung back lowered to the track and pushed up to 
the mucking machine to be loaded This operation is repeated until all cars are loeded Then they are 
hauled to the foot of the shaft where one at a time is run into the rotary dumper which rotates ebout 
180 degrees to discharge the muck into a skip With two car loads the sk p is hoisted to the surface and 
automata ally dumps into a hopper from which the muck is chuted into trucks and hauled away for dit 
posal 

Fit. 11 Cum-pukcr r ii (Inngn (R A\ Vimsti /hi \tulnrjl Water 
11 oil A sin \ol Vi !Nn 2 jilt* II Jum 1941) 


(r) 1 nttmq S uppoit It the In mil requires summit is (hsuis'Cil in 
Nrliun S tin Mipiiorr is tiuUil hum the dull c uuijrc ill* i cull ulvuut 
(1 IK I-’) 



Where rock is poor steel roof support is erected by the minmgcrew after each advance from the drill 
Jumbo and the support is carried well up to the heading Where the tunnel was supported at time of a* 
cavation but liter shows signs of raveling due to exposure steel support is then erected from a speciel 
Jumbo 

Fic 12 Lit thug i oof sii)ii»ni1 (R W Amish our Jtiui Vf u I nql Watn Woika 
4s m \ol 55 No 2 pl&ti II Turn 1941) 

(/) Tnmminq As shown in Jng 11, i spieiil new tnms Ihi ev i\ ition 
to the nt it duiK lisions ot the tumid 

(</) (Itornnq hunt ‘some e\r i\ lied mitenel is elloned to rtmim in the 
imert or the tunnel to pnnide i IcmI working surf tee loi thi pneubng tun- 
nfhng oper ition* Vltei thi bon is tunncled through this mitenil is tleincd 
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up before 1 the lining is put in place The mol hod shown in Fig 14 wns de\el- 
nped on the Delaware Aqueduct It consists of ronvertmg the mucker into a 
slusliei bv means of a long boom lit ubed to the muckci and using a drug 
bucket to pull the muck uito the mix king machine. 


K'XM' spring steel 
finger* 30* long 



Section D-D 

A template made of Inn. pipe and mounted on a flat car is used for marking "tights " Operator 
sights through a peep sight at 2 lights, ahead, on £ and 3 m below spring line Template is ar 
ranged for adjusting so that it may be kept on line and grade. 

Fig. 13. Tiimming tunnel tn nc d dimensions (R W \imsl icing Jout New 
Enql Main II oils Awif , Veil 55 jSo 2 plitt II June 1Q41) 



Fig 14 Clt inmg tlir until of an tv l\ dtd tunnel (R W Ann*-Long, Jaw. 
AVu km/I IT aln H oil s Assnr, Vol 55 No 2 pliti II, June P)41) 


15. Heading-and-bench Method 
tunnels. A b uulic Med in Fig 15, the 



Fig. 15. Heading-and-bench mrlhod 
of tunnel du\mg 


Hus method is still used on Mime 1 irge 
top heat ling is kept about the length of 
one round (5 to 15 it) aheid of I hi 
bench Thr holes ui the top lieuling 
iiro dulled fioin \citical columns set 
up on the bench, and ♦hose in the 
bench are dulled with trip id oi wigon 
dulN Tins method his tlie ubantige 
of firm it ling a henrh foi meeting sup¬ 
port if required; also, both dulling and 
mucking operations ran be earned oil 
at the same time 

16. Top-heading Method. The 
toj>-headiiig method is used occasion- 
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ally when a Mretch 6f bad ground netting Hijpport is encountered. It in 
similar to the heuding-und-lxmch method except thut it has a longer lop 
heading, usually 50 to 75 ft und sometimes the wnule length of tunnel. This 
provides a good working platform for the support operation 
Other variations of the hcading-and-licnrh method are possible but are 
rarely used. 

17. Rate of Progress in Tunneling. If the most economical equipment 
is used in driving a tunnel, lliore is a greater rat* 1 of progress at a lower cost 
of excavation. However, the ‘♦peed at which a tunnel advances dejionds to a 
largo degree upon the ground conditions encountered. Table 1 gives the rate 


TABLE I 

Average Daily Rate of Progress pur Heading for So ml Ti nnu.ls in Hors 
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California 

1434 

21) 

17 21 

17 0 

Maidstone, 
roiifd 0111 cr¬ 
ate 

(•i unite, icneisN 

11.1 

ViueUurt 

<»rt) 

Cm It on 

Colorado 

1040 

fl 

11 n 

11 0 

(Inult zone*) 

Gi unite 

47 2 

Delaware 

New lark 

1941 

(Ci 

17.0 lu J4.0 diameter 

Giuy hand- 

31. GJ 

Viiuedurt 
Continent al 

Slnte 
Culm ado 

1942 

U 

11.71 to 12 71 diMineter 

stone 

Granite, 

G2.0 

DjmiIt 

^mlur-lua 

TpuneesrM* 

1912 

8 

18.0 In 22 0 diameter 

hrlllhlh 

Qiui.il/ite 

27.7 


of progress for a 21-hour day per heading for a few typical tunnels driven in 
rock. A definite comparison cannot be made because tunneling conditions 
vary widely. The maximum advance for the tunnels given in the table ranged 
from 5:1 to 05 ft per dav. 

18. Overbreak and “Pay-line.” Rock Tminrh . T 11 preparing a pre¬ 

liminary eslimate of the cost of excavation and concrete lining that will lie 
required for a tunnel in rock, it is necessary to include a proper allowance 
fur overbreak. As here used, overbreak means the rock tliat is actually ex- 
cawited in addition to that which is included within the required neat line of ■ 
excavation of the tunnel. Tims, as in Fig. 10, the cross-sectional area of A 
concrete-lined tunnel, that is, the water-carrying area, might be 154 sq ft, 
while the area to the line beyond which no rock is allowed to project, called 
the neat line of excavation, might be 200 sq fi, and the area inclosed by the 
line to which the excavation actually breaks is, sny, 250 sq ft. The per¬ 
centage of overbreak is, then, 50/200, or 25<?,. The percentage of overbivak 
is sometimes, but incorrectly, stated as the percentage of oveihreak over the 
tunnel wet ion, or water-currying area* 
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The actual amount of overbreak depends very Largely on the natAire of the 
rock and the ekill with which the drilling and shooting arc done. For rock 
tunnels requiring support that cannot be removed liefnre the lining is placed, 
the overbreak is greater by the space outside the neat line to lie provided 
for the support. 

In unit-price contract work, it is necessary to limit the overbreak, because 
with excessive overbreak the rork can be removed and the thicker lining placed 
at cost per cubic yard. Therefore, it is customary in writing unit-price 
contracts to provide outside limits to the excuvnliun and concrete, called the 
"pay-linos,” Iwyond which no excavation or concrete will be paid for. 



For unsuppoiled tunnels, the paj-lines for excavation and concrete are 
usually identical. Tlie> aie usually placed a constant distance outside the 
neat line ol rvrnv.ilion anil are fixed as near as possible to the probable line 
of average aciual excavation (Fig. lfij which w'oulil be consistent with rea¬ 
sonable care. 

Table 2 "how* the average overbreak (1 for a numl>cr of tunnels. It wall be 
noted that, except for a few’ can's, the overbreak averages about 12 in. 

For rock tunnels having supports left in place, the pay-line for excavation 
at the sides and top is moved out a distance equivalent to the space estimated 
to be required for the supports. This space varies greatly aecirding to the 
size of the hinnel and the nature of the rock. 

The pay-line for concrete m supported rock tunnels is inside the pay-line 
for excavation by a distance corresponding to the estimated volume of the 
supports required. 

Overbreak is far Loni constant and should be based on the nature of the 
nick. A firm igneous or met amorphic rock with few seams can usually be 
made to break closer 1u llie neat lines than a sedimentary rock; and a sedi- 
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mentary rock in which the strata arc vertical will, other things being equal, 
usually break closer to the neat line than sedimentary rock that has hori¬ 
zontal stratification. 

Earth Tunnel*. The term “overbreak" is not used in (Connection with earth 
tunnels, as in such work it Ls possible to excavate very closely to prescribed 
lines. The pay-line for excavation in an earth tunnel is at a distance from the 
neal line equal to that estimated to l>e required for the supports. This dis¬ 
tance varies upward from 4 in., depending upon the size of the tunnel and 
type of support. 

The pay-line for concrete is inside the pay-line for excavation by a distance 
corresponding to the estimated volume of supports. 

19. Tunnel Lining. It is the usual practice to line tunnels with concrete. 
The purpose of the lining is threefold: 

1. To obtain a smooth surface which will give a minimum loss of head. 

2. To increase the structural safety of the tunnel. 

3. To prevent Ins* of wafer by seepage through seams m the rock. 

The thickness of lining required depends upon the nature of the material 
to be supported and the method of construction. Since it is impossible to 
excavate exactly to prescribed lines, the “line of average excavation" is the 
average line to which the material is actually excavated: this line also fixes 
the “average thickness" of concrete lining. The “net thickness” of lining 
should have a minimum of 4 to S in., depending upon the size of tunnel. The 
“overbreak," or execs* material removed beyond the prescribed neat line, for 
rock t mmols has a minimum of about S iu. and may be ho vend feet it the tun¬ 
nel is heavily timlwTed. Examples of overbreak are given in Table 2. Over- 
break averages about 12 in. for stable rock funnels. Thus the thickness of 
rock-tunnel lining is required by practical considerations 1o be u minimum of 
12 in. and an average of 10 to 21) in. Therefore it is seen that, unless the 
tunnel is very large or the rock quite unstable, the minimum thickness of 
lining which it is practicable to build is of ample strength. 

Only under exceptional condition* can earth lunncls be excavated without 
supports. Under *ueh conditions, however, the amount of overbreak would 
be \ory small. Support* frequently are not removed, and, ns they cannot be 
counted oil to contribute to the strength of the lining unless they are steel 
encased in concrete, their area must l>o deducted from the average thickness 
of lining. 

It is impossible to estimate exactly the external loads to winch the funnel 
lining will l>c subjected. Therefore, the engineer must be gui W1 by what 
experience has proved to be adequate under similar condition-. 

For stable rook, a net thickness of linings of G in. for small areas to 12 in. 
for large tunnels has been used. For unstable rock, a net thickness of 8 to 
12 in. is common; this, together with 10 to 18 in. of overbTcak, results in an 
average thickness of 18 to 30 in. 

Ordinarily, a concrete proportioned for an ultimate coinpresrive strength 
of 3000 Jb will answer the purpose of tunnel lining. When a high degree of 
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watertightness is required, richer mixtures giving higher ultimate strength* 
are sometimes used. As the lining is usually thin, a surplus of mortar is fre* 
quently used to insure plasticity and the filling of all irregularities. When 
the minimum thickness of lining is 6 in., the maxim um size of aggregate 
should be limited to 1 in. When the minimum thickness of lining is 12 in., 
the maximum size of aggregate should be limited to 1 Vi in. 

Sometimes steel pipe is incased in the concrete lining in place of reinforc¬ 
ing steel. 

The usual procedure in lining rock tunnels is to place the invert first and 
thus provide a firm Lwisc from which to aline the side and arch fonnB. The 
only forms required for concreting the invert are those forming the longi¬ 
tudinal joint at the sides. They also serve as guides for the screeding and 
finishing operations. The sides and arch of a tunnel lining are poured in one 
operation, either as a continuous lining or in sections. Many long tunnels 
have been poured preferably with a continuous side and arch lining because 
of the freedom of construction joints. This was made possible by the im¬ 


provement in telescoping forms which permit an easy dismantling and re¬ 
setting operation. Concreting is generally done by some form of the “con¬ 
crete gun” or Pumprrete methods. Ordinarily these methods are the most 
economical and desirable for tunnel work. 

20. Tunnel Grouting. Grouting in rock tunnels before the concrete lin¬ 
ing is in place is done either to consolidate the surrounding rock for support 
(Section 8) or to seal off muter (Section 22). Grouting after the lining is in 
place is done to fill the voids between the concrete lining and the rock to 
prevent load concentrations on the finished lining. Holes left through con¬ 
crete lining for grouting should l>e large enough to ]>ermit use of jack- 
har roera, and drilling should lie done at least 1 ft into rock before grouting. 
In the Delaware Aqueduct tunnel..* grouting back of the lining was done 
under pressures up to 600 lb per sq in. for the purpose of filling all voids; 
filling and consolidating; backpacking; plugging drains and weqicrs; and 
completely filling joints, cracks, fissures, and other voids in surrounding rock. 

The grouting procedure depends upon fhe geological features of the local¬ 
ity and is similar to that descnlied in Section 3c of Chapter 25. 

21 Shafts and Adits. If the proposed tunnel is long and the progress 
schedule severe, the rusl of hauling the muck Ion* .IM.iirr. 

M V requires that the tunnel be broken up into a number of different 
M-rtioiu md mini .taotaooorfy from iM.rmt heodtap. To r* <j— 
too,Imp mmol eoiwtn.etion ore oomoto. 

the tunnel can be iwvrhc.l by means of adits or drifts m the hdlside, which 
£ “ y ride tunnels dnven from the fare of the bill to the Jnemmt 
of the tunnel to permit starting additional headings. In locating the «j 

f i r i *kc ease of access for construction purposes should be 

Si i:£LSL7Z+' 


* gpe Ref. 10 of Section 24. 
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the tunnel bo that it can be reached at several points in the line by means 
of drifts at grade, instead of placing it back in the hill where construction 
shafts of great depth might be required. 

Shafts are usually either circular or rectangular in section. If a consider¬ 
able depth of soft ground must be penetrated before ledge rock is reached, 
the shaft is frequently sunk as a steel or rcinforccd-concrctc open caisson. 
In extreme cases, pneumatic caissons are used. Sections of the steel or 
reinforred-concrcte shaft lining are built up aboveground and sunk by exca¬ 
vating below the bottom or cutting edge of the caisson. When soft ground 
conditions are not so severe, the shaft may be Mink by the forepoling or liner 
plate method (Sections 11 and 12); uherr the material/ is fairly firm, the 
earth is simply excavated und the shaft lined with lagging and braced os the 
work progresses. 

When ledge rock is reached, the method of procedure is quite similar to 
that used in driving a heading. After a ^et of drill holes have lieen com¬ 
pleted, a "V" is first shot out of the renter of the shaft. This provides a 
space for the other holes to break to when they are shot. Each time, before 
shooting, everything must usually be lifted out of the shaft. This generally 
makes shaft sinking a slower process lhan driving heading. For this rea¬ 
son, shaft sinking ordinarily costs from 1.5 to 2 times as much per rubie yard 
of rock taken out as tumid excavation in similar material and of the same 
cross-section. 

22. Seepage. In the const ruction of almost all tunnels then* is usually 
seepage water wliich must lie taken rare of by one of two methods. Tn one 
method, grouting under pressure (Section 20) is used to s»\il off the water¬ 
bearing strata. The other method consists of a system of small drifts or 
collecting pipes placed dose to tlie sides of the tumid lo cut eh the seepage. 
This drainage syslcm may be cffcctiveh used to drain the surrounding mate¬ 
rial so that the tumid can be advanced in reasonably dry ground. 

23. Ventilation. Proi>er ventilation, puiticulaily in driving long tunnels, 
is required to replace underground gase>, blasting fumes, and drilling dust 
with a constant supply of fresh air. The ventilating plnnl is usually de¬ 
signed to blow fresh air from the outside through light steel or fabric pipe, 
varying from 12 to 30 in. in diameter. Ventilation most effective when 
the intake pipe is brought to within J(X) ft of the heading. The pipe is gen¬ 
erally supported along the side or ceiling so that it is out of the way, but 
just lieforc firing a heading the last 500 ft of pq>o is made to re*t oil the floor 
Sometimes wet drilling in combination with adequate ventilation is necessary 
for satisfactory control of dust. 
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CHAPTER 34 


WATER HAMMER 

By E. B. Strowger* 

1. Definition. WAler hammer is defined as the chunge in pressure, above 
or below normal pressure, caused by sudden changes in the rate of water flow. 
Because of sudden changes in the demand for water during load fluctuation®, 
water hammer occurs at all point r in penstocks between the forcltay or surge 
tank and the turbines, and to some extent in the conduit between the reser¬ 
voir and the surge tank. 



Fid 1. Change in hydraulic gradient with decrease in load. 

Accompanying a rather sudden den ease in load on a hydroelectric plant, 
the turbine gates operate to clone and the hydraulic gradient moves up from 
AJ to AB as shown on Fig. 1. This position is called the punitive water- 
hammer gradient. At the instant the turbine-gate movement ceases, the 
sii])cmormal pressure then existing heroines unstable and the gradient AB 
begins to swing to A(\ The pressure then fluctuates lietwcen positive and 
negative until damped out by friction 

Accompanying a rather sudden increase in load on a hydroelectric plant, 
the turbme gates operate to ojien and the hydraulic gradiert moves down 
from EJ to EG, as shown on Fig. 2. This position is called the negative 
water-hammer gradient. After the gate movement ceases, the negative 
pressure EG swings to positive pressure EF . 

The penstock should be designed to withstand, at every point, an internal 
pressure corresponding to the maximum positive water-hammer pressure, 

* Consulting engineer, Buffalo, N. Y. 
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AB, The negative at er-hammer gradient, AC or EQ , whether caused cti- 
rectly by gate opening or by the swing of pressure from positive to negative 
after gate closure, should not lie below the top of the penstock at any point, 
as at K . If it it., a partial \uruuni will occur within the pipe, with possi¬ 
bility of collapse of the shell. Air-inlet valves to prevent vacu um in this 
case are not recommended, ns they may not operate q uickly enough to pre¬ 
vent collapse. 



Fig. 2. Change in hydiaulic gradient with increase in load. 

2. General Discussion, ii the turbine gales of the installation shown 
in Fig. 1 nre at n fixed position, as when the go\einnr is ojicraling on load 
limit, the rate of flow through the turbine orifices is constant and the hy¬ 
draulic gradient remains in a fixed position. If, however, the turbine gates 
aTC regulating, i.e. # causing the orifice area alternately to open and close, 
the column of water is accelerated and decelerated and the hvilrniilie gradient 
changes in position. During this perturbed regirnen of flow, the phenomenon 
of water hammer occurs. During a closure or an opening of the gates, 
kinetic energy is converted to potential energy, or vice versa, and the pressure 
existing at any instant could readily be computed from Newton's laws of 
motion if it wen 1 not lor the effect of elasticity of the penstock walls and of 
the water itself. As the pressure change? occur, the waiter is compressed 
or relieved of pressure, the penstock is expanded or contracted, and water- 
hammer waves travel along the penstock as the w'hvlc liquid column vibrates. 
Velocity and pressure at any instant thus nre dependent on the elasticity 
eharacteristics of penstock and water, as well as on the initiul conditions of 
head and velocity, the length of penstock, the velocity change, and the 
nature of the gate motion. 

3. Classification. The American Society of Mechanical Engineers classifi¬ 
cation of water-hammer problems in connection with hydroelectric plants is 

Case I. Conduits of uniform thukness and diameter (simple conduits) 

CW JP. Conduits of variable thickness and diameter (complex conduits). 

Ccwe 3. Conduits with branches (compound conduits). 

This chapter will be confined to the solution of water-hammer problems 
involving simple conduits and also complex conduits converted to simple 
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conduits by approximate methods. For more exact solution of problems in¬ 
volving complex conduits and compound pipes, sec graphical methods by 
Schnyder [4], Bergeron [5], and Anglic [6, 10j. 

4. Simple Conduits. The first complete analytical solution to the water- 
hammer problem was given by Lorenzo AJlievi [2] in 1902. AJliovi presented 
simple charts for the determination of the maximum pressure rise for uniform 
closure in simple conduits. In 1919, N. R. Chiton developed a detailed theory 
of water hammer, independent of the work of Allievi but with identical re¬ 
sults. Gibson developed liis equations on the basis of a series of instantaneous 
water-hammer waves. Ilis work included two methods of computation, one 1 
using his formal equations and the other employing simple arithmetic integra¬ 
tion [3T|. 

As the turbine gates start closing, a positive picssurc wave starts to travel 
up the pen-dock to the forehay. A givcu motion of the gates can he consid¬ 
ered to consist of a great many small motions, each one of which is in¬ 
stantaneous. The positive wave resulting fiom one of these small instanta¬ 
neous motions of the gates in the closing direction travel* up the penstock 
to the forebay, and, upon reaching the forebay, it is reflected from the open 
cud of the penstock as a negative wave that travel* hack to Ihe turbine and 
that ha*- the same magnitude as the positive wave. The time of one round 
trip of the wave i* designated as "/i” and is called tunc of one interval or the 
critical time ot the pipe. It is expired (in second*) as 


where L i* the length of the pcn-lock in I cot and ti i- the velocity of the 
pre*suic wave in feet per second. 

Juukuvsky fl] proved that the water hammer produced bv an instanta¬ 
neous change in velontv in a pipe is equal to 


h 


aAr 

V 


where h = pressure rise, in feet ; 

Ac = velocity change, in feet per second; and 
g = acceleration due to gravity, in feet j>er second jier second 


| 2 | 


This pressure rise is prndnrod when a velocity of At 1 feet per second is 
destroyed instantaneously or in a time less than the critical turn of the pipe. 
With instantaneou* closure An would, of course, lie measured nt the point 
where the flow is sloped. Equation 2 is the fundamental equation upon 
which all water-hammer siutlies are linked. 

The formula developed for the velocity of the presMire wave i* given hy 


12 __4H75 _ 

V(II'A 1) If j/*) + (ti/Ec }| Vl + (kil/Ke) 


|3j 
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where d = diameter of pipe, m inches, 

e = thickness of walls ol pipe, m mtheb, 

k “ the voluminal modulus of elasticity of water m compieseion, 294,000 
lb ]>er sq m , 

E = modulus of elasticity of the material ot the pipe w ills, approximately 
20,400,000 ior steel, pounds per square inch, 
w — weight of 1 cu ft of water, in pounds 

For steel pipes coimuonh emountered m practice, this formula becomes 


VT+ (rf/100e) 

Figure 3 shows \dius of a for anions a ilurs of d/c for steel pipe m ne- 
coidime with Fq 4 mil iNo toi cisl-iron pqx hoi a pipe concreted in solid 
rock tlu fi ution l d/1 c in Eq 1 becomes minutesinul ind the limiting value 
of 407? if uhed foi a , this bung the velocit} ol sound in vatci 



Fit 2 


V Uni S Of ,< Jo. % .nous s .Ium of rf/. >4. «1 I"P' ^ 1 «» 1,011 P‘P e 


lJ,c s .hit ol o fm n oo. W .i. J..1KS depends not onl> onthe modulus of 
,1 s lt > of the wood m iking up tb. sl.us uni th .1 of <bc itadrf Jht h»* 
l!,; t on the deflutum of the slues Intw.en bin*, ■ the degree the band, 
_ . x o l i si ms. mcl perhaps other fictorb 

ha\i Inin 101 J” (h( ^ x \ m „f a for wood-tnc pipes is low, how low 
Tu Ram ,J - h0 ^ tV ’J | lhls hck of know ledge would make lie proHem 
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it wen* not for the fact that often it makes little difference what value of a 
is selected. It is suggested that the following formula be used to deter¬ 
mine a tentative value of o, that several lower values be taken to investigate 
what effect a change in a has on the result, and that the highest value of 
water hammer, so derived, be adopted. 


r \ + [hd/{E w b + EJ>)] 


a w = velocity of pressure wave in wood-stave pipe, in feet per second. 
k = voluminal modulus of elasticity of water in compression 
= 204,000 lb per Bq in. 
d = diameter of pipe, in inches. 

E w « modulus of elasticity of wood staves. For the usual kinds of wood 
used in wood-stave conduits, the moduli of elasticity are os follows: 


B.C. fir or Douglas fir 1,000,000 lh per sq in. 

Redwood or rypn*» 1,330,000 lb per Bq in. 

White pine 700,000 lb per sq in. 

For old staves deteriorated by use and the action of the elements, 
these values should l>e reduced considerably; for instance, tests on 
B.C. fir have shown that the value of 1,600,000 lb ]>er si] in. may be 
reduced to as low as 420,000 lb per sq in. 
b =■ stave thickness, in inches. 

E 9 = modulus of elasticity of steel bands in tension 
= 29,400,000 lb per sq in. 

0 = total cross-sectional area of steel bands, in square inch per lineal 
inch of pipe. 

For concrete pipe and buried pipe the value of n usually runs high with a 
possible upper limit of 4675 ft per Recond. 

5. Complex Conduits. For complex conduits then 1 is a reflection of the 
pressure waved at points where clianges in pipe thickness or diameter occur. 

A rigid solution of this case would require a consideration of the reflected 
waves, as is given by means of the graphical method. However, the maxi¬ 
mum pressure rise usually occurs near the end of the gate movement for 
relatively slow closures. If the closure in the case of complex penstocks of 
hydroelectric plants occurs in a time greater than, say, 5 internals, and if the 
gate motion is approximately uniform, the Allievi charts (see Section 7) can, 
in general, be considered accurate enough for preliminary investigations. As 
a rule, however, the graphical method should be used for final calculations. 
With experience one will be able to tell when the Allievi charts will be accu¬ 
rate enough for the final design. To apply the Allievi charts the complex 
penstock must be reduced to an equivalent simple penstock of uniform 
thickness and diameter. In this case a value of a should be determined for 
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r h ,r* i °“ 0f C T, tant d,Mnetpr and itirknea, and the effective vniue of a 
should bo obtained from the following equation: 


where L 
hi U, h, etc. 


L 

a 


‘ + - + — + etc. 
°i Os at 


161 


the total length of penstock, including the surge-tank riser; and 
successive lengtlis of penstock having constant values of Ox, a%, as, 
etc., respectively. 


The effective initial velocity, V ,, should oe calculated as follows: 


t r _ h p i + + etc, 

K 0 =- — - 


[7] 


where li, It, It, etc. ** successive lengths of penstock having co nstan t velocity 
values of v h i*, r B , etc., respectively. 

In those low-head hydroelectric developments in which the length of 
draft tube is a relatively large portion of the penstock length, the draft tube 
hboulrt bo included with the penstock in the computation of effective velocity. 

6, Compound Conduits. The reflection of wave* from branch pipes 
must be considered in almost all raises in order to determine the true maximum 
pressure rise at any point m the hydraulic hyhtom ior cither rapid or slow 
clohurcs. 

This statement does not apply to the usual case where the penstock 
branches to turbines ne.ir the powerhouse. In hydroelectric practice it ap¬ 
plies only where a branch pipe may be dead-ended at the time that closure 
of all tui bines occurs, for example, at the by-pass conduit at Hoover Dam. 

In gcneidl, the graphical method is best adapted to the solution of such 
special problems [9 and 10|. 

7. Allievi’s Water-hammer Charts. Allievi’s chart for the solution of 
maximum pressure of water hammer when the velocity is destroyed by uni¬ 
form gate motion to zero is reproduced in Fig. 4. Figure 5 has been pre¬ 
pared to show the detail of the chart at low values of p and 6 . Allievi's 
chart is based on two approximations: 

1, It is based on the assumption of uniform wall thickness of the pipe and 
uniform diameter, in order to eliminate the consideration of wave reflections 
from points of change in thickness and change in diameter, and thus applies 
to simple conduits as described above, or to an equivalent simple conduit 
having a constant value of a and a uniform initial velocity as explained 

in Section 5. . 

2. It is based also on certain gate-closure characteristics explained later. 

Allievi’s chart for the minimum pressure due to an increase in velocity 

when the turbine gates open ib shown in Fig. 6. The foregoing two approxi¬ 
mations apply albO to this case Figure 6 is made for opening the turbine 
gates from a closed position to any desired degree of opening and at any 
speed of operation. 
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Fia. G. Chart for the determination of maximum pressure rise, for uniform gate 
motion and simple conduits (for small values of p and 6). 


The coordinates of these three charts are dimensionless mimbers or param¬ 
eters and are designated as p and 6. The parameter p is called the character¬ 
istic of the conduit and is expressed by the equation 


J± 

2gHo 


where H 0 is the static head at the lower end of the penstock, in feet of water, 
measured from the forebay level or from the elevation of water in the surge 
tank at the beginning of gate movement to the tailraco level. Other symbols 
are as previously given. 
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S 



P 

Fia 6 Chart for the determination of maximum full in piessuie foi uniform 
gate motion and bimpli conduits 

The pirameter B, cilled the turn paiamdn , is the ratio of the total time 
of pate opoi itirm to the time ot one mtorvil a* gntn by Eq 1, ie, it is the 
tune of gitc opciation expressed in mtervds and can lie wntlen 



vhcre T is the nrt eqm\ dent tune ol gale opei.xtion 
The synibol Z ib a measim nf the ^atcr hammer Z 2 is defined as the ratio 
of the maximum total head to the initial head; ie, 

= or h _ - 1) [io] 

11 0 

where h is the y atci-hammer head 

It should be noted tint for a surge tank the raleuhted water hammer, h , 
should be increased h\ the sudden change in voter level, h Jt} in the riser pqie 
of a differential tank vhirh occurs during the ])eriod of gate movement. 
Therefore, from Eq 10, the total increase m pressure is 

hip ^ h hj j [11] 

The water-hammer pleasure in the system should not be Qonfused with the 
more or less gi a dually changing pressure m the surge tank that is due to the 
mass osrillation of the water and takes place oxer a much longer period than 
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the time of Kate strbke. This pressure rise in the surge tank may be larger 
or smaller than that due to water hammer and should a W be investigated 
to we which pressure is controlling in the pro]*: design of the penstock. 

Where the closing time is relnti\ely long, *ay more than 5 intervals, and 
thr gate motion is approximately uniform, the Allievi charts can be used 
for approximate results in problems involving complex conduits by reducing 
the complex conduit to an equivalent simple conduit by meanB of EqB. 6 
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•+■ Nominal tlm«, 4 mg— 

Nft equivalent time, 2.66 q 
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Tima, seconds 

Fici. 7. Typical diwltaige-lime curve for turbine with no penrtork (no water 

hammer). 

It should be noted that a appears in the expression for each coordinate 
of the \llirvi chart and that 0 and p each vary directly with a. Since for all 
values of 0 greater than about 5 the hues on the chart for equal pressure 
rise (the Z a lino*.) are approximately straight and when extended very nearly 
jiass through the zero of coordinates, it is evident that, for problems involv¬ 
ing morn than alwut 5 intervals, a considerable error ran be made in the 
value of a without affecting the result appreciably. 

Figure 7 shows a curve indicating a typical basic relation between the 
turbine discharge and time during the closure of the turbine gates under 
the condition of zero length of penstock (no water hammer). Allicvi's charts 
assume that tlus basic curve is a straight line from A to B. The effect of 
nh.npH. ^ discharge due to water hammer in the penstock is taken care of in 

his charts. 

The straight line CD , tangent to tne steepest portion of the curve AB, 
defin es the net equivalent governor time , as indicated, for use in Eq. 9 ap¬ 
plying to the Allievi charts. The net equivalent time can be obtained from 
the turbine manufacturer. When it is not available, a conaervative value for 
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preliminary studies* ib of the nominal governor time. The results thus 
obtained are approximate; if an exact solution is desired, the arithmetic 
integration method or the graphical method as described in Sections 9 to 12 
should he employed. 

8. Example by Allievi Chart. Assume the following conditions: 


Section of penstock 

1 

2 

3 

4 

Diameter, <1, tt 

9 

9 

8.5 

8 

Length of section, ft 

100 

200 

300 

400 

Thickness, c, in. 

1 

2 

a 

4 

1 

3 

4 

d/e 

210 

144 

136 

128 

a from Fig. 3 

2025 

2990 

3050 

3100 

Area, sq ft 

03.6 

63.0 

56.7 

50.3 

Velocity for Q = 600 eu ft 
per second 

9.44 

9.44 

10.58 

11.93 


Ha =■ initial head = 200 ft 


y - 32.2 

T n = nominal governor time = 4 see 

(n) Pressure Rise. Calculate tlie maximum pressure ri«-e ill the turbine 
for i\ irate closure to zero as vhown in Fig. 7. 

From Fig. 7 the net equivalent time is T is 2.0S sec. 

From Eq. 7, 


300 X 0.44 + 300 X 10.58 f 400 X 11.03 
0 1000 

From Eq. 6, 

1000 100 200 300 

« 2025 2000 + 3050 + 


= 10.78 ft i»er second 

j400 

3100 


Average a — 3005 ft j>er second. 


From Fai 1, 
From Eq. 0, 


From Eq. S, 


From Fig. 5, 


/i = .tu"H = 0.005 sec 


2.08 

0.605 


= 4.02 


P 


3005 X 10.78_ 

2 X 32.2 X 200 Z 


Z 2 = 1.87 


From Eq. 10, the pressure rise is 

h =- 200(1.87 — 1) « 174 ft 

(6) Pressure Drop . For this installation, find the drop in pressure at the 
turbine if the penstock flow increased from zero to 000 cu ft per second 
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Awmme T - 3 66 s>ec fdi tile opraing stroke, obtained from an opening time 
curve similar to that gisen in Fig 7 for closure. 

From Eq. 9, 


From Eq. 8, 


From Fig 6, 


3005 X _3jSG 
2 X 1000 


5.5 


300 5 X 10 78 
2 X 32 2 X 200 


2.514 


^ = 04 


From Eq 10, the pressure c hange is 

h » 200(0.4 - 1) = -120 ft 
or a picbsure drop of 120 ft. 

9. Arithmetic Integration Method of Analysis. The water hammer 
resulting fioui «i gate movement can readily he calculated by u^mg Eq 2 to 
iletennine and tabid itc the pressure rise (or fall) due to the velocity change 
duung eicli interval of tunc of 2 L/a secomls and by properly combining 
these t.dull lied values of picture rise (or fill) considered a'* supernormal and 
subnormal pressure \ia\es Considering a gate rlo'-.un and letting aF x be the 
velout\ change during the first interval, the velocity change during the 
second interval, etc., the piessuie change during the fii^t mterval is 


For velocitv reduction 

A5, = +-AFi [12a] 

0 

For voloritv inereasc 

Ax,-- AT’\ [125] 

ff 

and the procure (hinge existing at the end of the nth interval is 


Foi \elou1\ leduction 

h n = h n , ■+ A/i* - 2A h n -i + 2A5*_i - 2Ah n ^ i etc [13o] 

Forvclonh increase 

hn= -hn -1 - + 2A//^i - 2A hn -1 + 2Ahn-», etc. [135] 

The penstock velocity at am paiticular gate opening can be expressed 
by an equation in the form of one representing the velocity through an onfice 
os follows: 

r - bVh [U] 

From those relation-, the ordinaiv wutei-hammer problem eon be wived 
by means, of arrthmetie iiilfgration To illustrate llu- method, the solution 
of the following problem is presented. 
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10. Example by Arithmetic Integration. Assume the conditions given 
in Section 8. 

(a) Pressure Rise. Calculate the maximum pressure rise at the turbine 
for a gate closure to zero as shown in Fig. 7. 

From Section 8a, a = 3005 and V 0 = 10.78. Since, from Fig. 7, the inilial 
discharge is 600 cu ft per second, the effective area of the penstock is 
000/10.78 = 55.06 sq ft. 

The time of one interval (see Eq. 1) is p = (2 X 1000)/3005 = 0.605 sec. 

The computation that is shown bv Tabic 1 follows this procedure: 

1. The time in tenus of intervals and seconds is recorded in the first two 
columns. 

2. The initial gate-opening constant, B, is calculated from Eq. 14, or 
B - 10 78/V200 - 0.7023, and recorded in the first line of the third column. 

3. The initial values of head and velocity are set down m the fourth and 
'fifth columns respectively. 

4. The remaining values of B in the third column are set down, using 
Fig. 7 as follows. For the value at 0.005 sec at the end of the first interval, 
find the corresponding discharge of 570 cu ft per second. This corresponds 
to a vetoedy of 570/55.66 - 10.24 ft per second, and, therefore, the value of 
B at the end of the first interval is 10.24/V 200 = 07242. The values of B 
at the end of the second, third, etc., intervals are obtained similarly. 

5. The change in velocity during the first interval is Ihen estimated. As 

there are six intervals in the closure, this velocity change would be not 
greater than 10 7.8/fi 1 707 ft per second, owing to the -dnw motion of the 

gate at the start. Accordingly, flic value selected would be somewhere 
between 0 and 1.797. Estimating this change at 0.101, the pressure rise dur¬ 
ing the fiist inlorval from Eq. 12a would be (3005/32 2) X0161 - 93 32X 
0 161 15.0 ft This is entered in the sixth column as A h. 

6. The total head at the turbine at the end of the first interval in then 
calculated as 200+ 15 0 = 215.0 and entered in the fourth column. 

7. The velocity remaining at the end of the first interval if- 10 7SU - 0 161 - 
10.619, which is entered in the fifth column. 

8. The value of B corresponding to a head of 215 0 and a velocity of 
10.619 is then calculated from Eq. 14, B - 10.619/V215.0 - 0.724, and, if 
this value checks the one already recorded in Col. 3, the estimate of velocity 
change, i e., 0.161, is correct. If this value of B dot's not check the one already 
recorded, a new estimate of velocity change is then made and the a1h>vp steps 
are repeated until a satisfactory check is obtained. 

9. The remaining figures in the table are filled out similarly, with h ob¬ 
tained by means of Eq. 13a; for example, the h at the end of the third inter¬ 
val is calculated as follows: 


fca --- 60.4 + 188.6 - 2 X 75.4 + 2 X 15.0 =* 128.2 
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TABLE 1 


Arithmetic Ivtegr\tion 


( 1 ) 

( 2 ) 

(3) 

(4) 

(5) 

( 6 ) 

(7) 

Time 

Intervals 

Seconds 

Gate 

Constant, 

R 

Head, 

H 

Velocity, 

V and AV 

Ah - 
93.32A V 

h 

0 

0 

0.7023 

200.0 

10.780 


0 

1 

0.035 

.7212 

215 0 

0.161 

10.G19 

15.0 

15.0 

2 

1.33 

.6073 

260 4 

0.807 

9.812 

75.4 

60.4 

3 

2.00 

.4306 

328.2 

2.020 

7.792 

188.6 

128.2 

4 

2 06 

.2376 

371.8 

3.215 

4.577 

300.0 

171.8 

5 

3.33 

.0864 

312.7 

3.049 

1 528 

284.5 

117.7 

6 

4.00 

0000 

229 9 

1.528 

0.000 

142.6 

29.9 


It wiJI 1 m* noticed that, for these conditions, Ihe maximum water hammer 
of 171.8 ft found by the arithmetic-integration method checks the 174.0 ft 
determined in Section 80 by the Vllievi charts. 

(ft) Pressure Drop. The solution for pressure drop is identical with that 
for pressure rise except that it employs Eqs. 12 ft and 13ft. 

11. Graphical Method of Analysis. The graphical method of deter¬ 
mining ater-hammer pressure consists of plotting a Heries of parabolas 
representing discharge through the turbine gates during the dishirlied regimen 
as a senes of orifices under varying hc:uU nnd a senes of straight lines repre¬ 
senting the pressure due to the direct and indirect water-hammer blows. 
With (lie zero subscript to indicate initial conditions, and lower-case letters 
primed to indicate bead, velocity, etc, in terms of relative values, the orifice 
relation is given by 

= T 'Vh' [15| 

where r 

s' - ~ h'-%- and r'-|. [16] 

Vo a o £>o 

With the penstock from turbine to forcl»ay assumed uniform in thickness 
and diame ter, the water-hammer equation is given by 


U7] 
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where = head, in feet, at the gate end of the linstock at time t\; 

H b . = head, in feet, at the forebay end of the penstock at tune 
OJ interval); 

V Ati = velocity, in feet per second, at tlie gate end of the penstock at 
time /], etc.; 

p = the parameter as given by Eq. 8. 

To solve Eqs. 15 and 17 graphically, a diagram as illustrated by Fig. 8 is 
constructed. The family of parabolas starting from the origin is first constructed. 



Graphical mrthod of solution of w.itci hammer caused by movement of 
tuibinc gilt oh 

One parabola is made for each interval of tune (or frartion of intcr-al). In the 
diagram the curve t' = 1 gives the relation lietwcen h' and v* for the initial 
gate owning os in Eq. 15, and the curve t' =■ 1 — ( 2L/aT ) = l — (1/9) = 
(0 — 1 )/0 for the gate opening at the end of the first interval, etc. From the 
point (1, 1), a line of slope (— 2p) is drawn which intersects r' = t — (1/0) at 
At v This line represents the first straight line of Eq. 17. Then a line is drawn 
through Ai x with a slope of ( +2p) } intersecting the line h =• 1 at 2$,^, etc. 
The coordinates of the pomts A t] , A iv etc., indicate the head and velocity 
conditions at the turbine end of the penstock at the conclusion of intervals 
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1, 2, etc., and the coordinates of the points etc., show the head and 

velocity conditions at the forebay end of the penstock at the conclusion of 
intervals H, 1J4, etc. Tlie pressure-time curve for the turbine eud of the pen- 
Btock is obtained by plotting the values of head at the points At Qt Ai yt At s , etc., 

against 0, 2L/a, 4L/a, etc,, seconds, respectively. 

If friction is .in appreciable quantity m relation to the total heud on the 
turbine, it should Ik* taken into account. This can Ik* done graphically by 
assuming that the friction acts as though it were concent ruled at one or more 
points along the pipe. The jrrcutcr the number of points selected for con¬ 
centrating the friction, the greater the accuracy obtained. Usually it i* 



Hiiflieientlv accurate 1o .ww (hit nil the .'notion is concentrated at the ffito 
or valvo ' Fisu.r 'J illustrates ihr method of tak.i.R .iwmmt «f Jjrlinn on li t 
lum . ion that it art. at Ihr turbine rtul of Ihr comlmt. Hie paraWas 
the dtseharse-hrinl relations for .hr various gate pcM.ums at 

drawn below the A i, located on the Y aw directly 

N«. of .h, I.fc -tu I .«■ 

above pom > -rj K . ]j u( . f)C b drawn through C with the 

opening anil the IiB t. dnra. Mow 7>P bv the amount 

slope of <--p. ,n(1 ** intersects the parabola for the end of the first 

«,*■ "J7 Ti'LZh , il—, dc ..,»». o. *i 

interval at f A ' r " , i(ifins nt the end of tlie first interval. Tlie 

the wlccrty mmnbni. inlmK »► I" 4. 

Method, ta. <>«■ *"• “• 

"■ShS— ».«•- oh* * -*r' *■ ” 

for a gate rlosnre to Z0T< ’ 107 S. The time of one interval (see 

From Section 8n, a *- »*"» ann '" ' 

Fj q.ll is n - (2X1000)/S005 = 0W>5 *c. 

From Eq. 0, A 

a = —= fl 

9 0.(505 
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Fig. 10. Graphiral flotation of pressure rise problem in Section 8. 

First the values of r (see Eq. 15) arr obtained for as miiny points along 
the gate eur\T as desired in order to plot the parabolas shown mi Fig. 10 
These values are obtained ns shown in Table 2 for every interval of time 
during the closure. 


TABLE 2 

Valves of t' for Interval during Gate Ctxmttre 


Time 

Interval Seconds 

Gate 

Opening, 

vr 

t 

Cu Ft 
per Ser 
fFig. 7) 

v t 

ft per see 

t ' 

0 

0 

100.0 

600 

10.78 

1.00 

1.0 

0.66 

87.0 

570 

10 24 

0.949 

2.0 

1.33 

06.8 

478 

8.59 

0.706 

3.0 

2.00 

46.4 

339 

6.00 

0.565 

4.0 

2.66 

25.6 

187 

3.30 

0.311 

5.0 

3.32 

0.4 

68 

1.22 

0.113 

6.0 

4.00 

0 

0 

0 

0 


With these values uf r the family of parabolas as shown can be drawn, 
and then the straight lines of slope plus and minus 


3005 X 10.78 
32.2 X 200 


5.020 


are drawn. The maximum pressure is shown to lie 

1.86 X 200 = 372 ft 
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The maximum pressure nse is 172 ft or 86% This result rhecks with the 
1740 ft found m Section 8a by the Allievi charts and the 1718 ft found m 
Section 10 by arithmetic integration 

(b) Pressure Drop The solution for pressure drop is similar to that for 
pressure rise In this case, however, fust a line is dnwn from the origin 
with the slope of (—2p) intersecting the first t ime below the static head 
line as at C in Fig 8 From point C a sliaight line with the slope of (+2 P ) 
ib drawn intersecting the line k - 1 at D, etc 

13. Critical Governor Time. Altluugh the total tame of closure of the 
ordinary hydraulic turbine is much larger than it is tvident that there is a 
closure from an intermediate gate to zero involving a timing equal to the 
critical time p The piessuie use from such a gate closure is obtained from 
Eq 2 and ma> be greater than the picture rite occurring when closure from 
full gate to zero is made Consequently, it is desirable to investigate also 
partial closures to zero as well as full gate closures to zero to obtain the 
maximum pressure use to which the penstock miy be subjected [11] 

It bhould be noted that the pm ent igc of tunc of governor action is not 
neeessinly pioportioiul to the percentage of gate motion, owing to the fact 
that certain time elements enlci into the pioblcm caused by the physical 
limitations of the governor itself In the absence of e*act data, however, the 
time of closure from an> lnitul gite opening can be bifely assumed as di¬ 
rectly proportional to Ihc time of do-ure from full gitc opening 

14. Pressure Conditions along the Penstock. When, as is always true 
of hydroelectric plants the duuiion of umtoiin closure is equal to or greater 
than the critic il time 2L/n , the mwinmin use of pressure occuib at the gate, 
and, if the diameter and thicknc ^ of the penstock are constant from theie to 
the forcing, the pressure use icduces to zero uniformly along the length of 
the pen-stork When the pciMotk is ol v ining diameter, it is Buffiuently 
exact to assume for di-agn that the nngintiule of the maximum bupcrpicbsure 
oi depression found at the tmbine diminishes fiom the tmbine to zeio at the 
point of o])on watei and his a value at im point, K t equal to that given m 
the following equation 

, Wi*i “Mi'a + taO 

hk =■ — 


LV r 


U8] 


where At = the water hummer at jKunt A 1 ; 

h = the water hammer at the turbine, 

V = the effective velocity for the whole pipe from Eq. 7; 

L - the total length of the penstock, including the surge-tank riser; 
k It h h - successive lengths of penstock, beginning at the forobay, having 
constant-velocity values of ci, t>t,v 9 ■ - ■ ifc, rebpeetively. 


15 Water Hammer and Mechanically Operated ReUef Valves. 
Wlitre the length of penhtock between open water or a surge tank and the 
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turbine* in appreciable, a relief valve in sometimes installed. An approxi¬ 
mate rule is that when the time of governor action is shorter than 

Length of penstork X Velocity in jjenntock 
‘lO X Head 

such a valve is needed. The valve diverts the water from the runner at 
times of sudden load rejection and reduces the effect of water hammer. 

A mechanically operated relief valve is direct-connected to the turbine-gate 
mechanism. During the period of sudden gate closure there is, for anv gate 
opening and head, a fixed discharge for both tin* turbine and the valve. All 
problems of water hammer involving such relief valves can l>e solved by 
means of a curve similar to Fig. 7, in which the discharge element includes 
the discharge through both the turbine and valve under constant head condi¬ 
tions (no length of penstock), and the time element includes both the time 
of gate closure and the time required for the relief valve to close gradually 
after the turbine gates shut TS]. 

16. Water Hammer in the Conduit above the Surge Tank. Surge 
tanks act as a poinl of relief and reduce the pressure rise appreciably in the 
conduit upstream from the lank. The penstock, extending hr I wren Iho tank 
anil the turbine, usually undergoes a considerable pressure chance, and the 
conduit upstream from the surge tank undergoes a U^sei pressure change. 

Pert ion 14 indicates the method of calculating the wilier hammer at anv 
point along the penstock. The water hammer at the base of the riser pipe, 
so computed, tr, axels luidiminMicd up the conduit Innards the Jorehax 1o a 
point determined by the lolloumg equation, then reduces linealIv to zero at 
the forebay. 


where 1 C = the distance, in feet, from the forebuy to the point in question; 
a< = the velocity of the pressure wave in the conduit, fmm Eq. 3: 
t = the net equivalent time of gate o]>eratioii (see Section 7) us used for 
computing the penstock water hammer. 

If, as would be quite unusual, l f from Eq. 10 results i Tl n distance gieatcr 
than the length of the conduit, the water hammer at the riser pipe can be 
assumed to 11 x 11100 uniformly to zero at the forebay. This is a conservative 
assumption, as, for such cases, the water hammer ill both I he conduit and the 
penstock would be reduced. 

The compulations for a sow-tank installation can be accurately made by 
the giaphical method with three interrelated diagrams: one for the pcmlock, 
a second for the tajk, and Liie third for the pipeline |5|. A method giving 
approximate results is the use of the equations devised by Calame and 
Gaden [12, 13, 141. 
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17. Allowance for Approximations. The allowance neccvary to com¬ 
pensate for possible inaccuracies in computed water hammer depends on the 
nature of The installation. Allievi's theory of \tater hammer is correct, but 
the curves and equations in this chapter, which arp based on Allicvi's theory, 
are correct for the following conditions only: 

(a) "Diameter and Ihickness of the pipe is constant, 

(b) The gale-closure time, f, is uniform. 

(r) The upjier end of the pipe is nt open water. 

If approximations are made in computing water hammer under more com¬ 
plicated conditions, allowance miN Ik* made for possible erroin. It i* there¬ 
fore recommended that water-hammer value* in excess of or below stalic, 
computed under such circumstances, lie multiplied by the following factors, x. 


Use of 
Charts 

AmTHMFiTir 

Integration 

UR GnAPIflf’AIi 
Method 

j-105 

j- - 1.0 

j- = 1 10 

r = 1.06 

l hv O Simin, 

Pi or Am. Water 


1. Penstock of constant diameter and 
thickness 

2. Penstock of variable diameter and 
variable thickness 

18. Bibliography. 


Work* A*eor., 1904, p 311 

%/i, Ailikvi, Thftm/ of Wnltr Unman r. handled bv Vi ft Unlim*. Gar- 

roni, Home. P 

3 p CiiiiMix, ‘‘Pressure* in Penstocks (Quisl'd by the Gradual t losing nr 

Turbine Gal eh.” 7 'ui»h A NCR, Vol S!i. 1920. 

4 O Soirv'inKH, ik t*lier Dmck^tnsse m \erzweietrn Leiliincen mit besonderer 

H.'riick-iflit muiifE von Wo.Hfi-HililossiiiliiRpn,” IffiM. rkrnfl uud WawnrittKrhnft 

(Beilin), Vol. 12, JIBS. . .. „ 

5 I Utuhkhov, “Etude des variations de rftjimc duns leu rnnihutea drtiu; 
Hohitum grapliuiue gcnfmle,” Hvoue g/nfmU dr Vhydrmbqw (Pari"), January- 

Apnl. 1935. ^ .^ atw Uimmi i in Pipes, lnrludiiig Those Supplied l»y Cen¬ 

trifugal Pump-; Oi'uphiihl Treatment." The Institution of Mechanical Engineers 

(London),r| ^ So(tj((v of Mechanical Engineers Committee on Wafer Hammer, 
“Symposium on Water Hammei" Ainm. an Society of Merhamrul Engineers 

Belief Valve and Turbine Charaet.riatiee in 

.. , l W 'lter Hi.mn.ei,- 1,an,. AJiJIJS., Vol. 50, No 14, 1037. 

the Deb mu ..t^ 1 ^ ■ , „ dr belief daiin les eon.luites; nouvel expose 

l ?’ ' La Irchmqu, modi rut , Vol. 28. r 33 and p. 75, 1030 

' jt'! Sf W. Amiiih, “Water flammer Pressures in Compound and Branched 

Pi n M, S. b r .Xj^/‘N^v As'iK'rU of ^autnum Pressure Kise in Closed Conduits,” 
Tmi« A -S’ it Ji.’, Vol 51, No. 0. 1SM0. 



728 WATER HAMMER [Chap. 34J 

12. Calamb and Gadbn, Thiorie des chambrcs d’tquiHbre, Gauihirr-ViUars, 
Faria. 

13. E. E. Halmos, “The Effect of Surge Tanka on the Magnitude of Water 
Hammer in Pipe Lines/’ American Society of Mechuniral Engineers Water Ham¬ 
mer Symposium, 1933. 

14. E. B. Strowgeh, “Water Hammer Prohlema in Connection with the Design 
of Hydro-Electric Plants/ 1 Trans. AJS.MJ2., Vol. 67, No. 5, p. 377, July 1945. 



CHAPTER 35 


SURGE TANKS 

A General 

1. Theory. Water-hammer pressure, the theory of which is treated in 
( haptcr 34, is created in long closed conduits by sudden closure of the turbine 
Rites The water-hammer picture provides the neccssaiy force to ictard 
the flow in the conduit when load is rejected by the turbine For very 
long conduits, the water hammer eorrcspombng to normal operation ot the 
tuibine may l>e very great and may icquire extraordintry strength of the 
conduit to with'dand it, and the violent fluctuations of pressure in the con¬ 



duit iniv sctioiish interfile with proper tuibinc lemulation For sudden 
ojiciiing ot the Rites, the resulting ncgitive vv iter hammer, or reduction of 
pressure, piovides the ncccsiin force to accelerate the water and is corre¬ 
spondingly obj« tion ible for v< r> long conduits on account of difficult turbine 
i emulation 

The simplest mean- of elimmating positive water-hammer pressme is to 
provide a by-piss to like the rejected flow This may be accomplished by 
installing a relief valve* at the turbine or, as shown m Fig 1, a surge tank 
at the lower end of the conduit The relief valve is very effective for gate 
closure m lhat it provides a place for the surplus water to go; but foi gate 
opening, it naturally rannot supplv the necessary water demanded by the 
turbine,' and consequently it has no ofloct on negative water hammer For 
these reasons, a surge tank is invariably provided at the lower end of all 
very long closed conduit** 

In the case of a simple surge tank, shown m Sketches A and B of Fig 2, 
the water snnply flows into the tank when rejected by th* turbine As the 

♦ Described in Clnpter 39 f Section 17 (Pressure Regulators m Turbines). 
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water rises in the tank, a retarding head is created, which decreases the 
conduit velocity. When the velocity in the conduit is reduced to that de¬ 
manded by the turbine, the water in the tank starts to fall mid fluctuates 
up and down like the swing of a pendulum until damped out by friction. 
For a sudden increase in load, the additional discharge required by the tur¬ 
bine flows out of the tank, and the consequent lowering of water surface 
creates an accelerating head which increases the flow in the conduit. When 
the conduit discharge corresponds to the turbine demand, the water surface 
in the tank ceases to fall. The action of a simple surge tank after a sudden 
opening of the turbine gates is indicated in Fig. 3. 

Ordinarily, the tank is designed so that tlie^ water will not spill over the 
top under the most drastic condition of load rejection. However, in special 
low-head installations, where conditions are favorable, the lank is allowed to 
spill over; but it is usually found more eeononiieal to provide a sufficiently 
large tank than to make the frequently expensive provision to take rare of 
the overflow with safety. 

2. The Simple Surge Tank. Sketches A and B of Fig. 2 show outlines 
of simple surge tanks. The surge tank is always located as close as possible 
to the powerhouse, in order to reduce the length of pcnMnck to the minimum, 
and preferably on high ground, to reduce the height of the tower. If Ihe site 
of the tank is sutficientlv high, the tower shown in Sketch A is omitted, the 
tank rests directly on a concrete foundation containing the conduit, and an 
orifice of ample size to permit flow in and out of the tank is provided in the 
top of the conduit. 

The conduit accelerating and retarding heads, induced bv a change of water 
surface in the simple tank, accumulate slowly, corresponding to the gradual 
change of water level in the tank. The action of the simple tank is sluggish 
as compared walli that of other types, and, as will be shown later, Ihe simple 
tank requires the greatest volume. Hence, except for special cases, it is the 
most expensive and is seldom adopted in prefoiencc to oilier type*. 

3. The Restricted-orifice Surge Tank. Sketches C and D of Fig. 2 
show outlines of restricted-orifice suige tanks. The distinctive feature of thi* 
type is a restricted orifice installed ln'tween the conduit and the tank. The 
object of the restricted orifice is to create an appreciable friction loss when 
the water is flowing to or from the tank. 

When load is rejected by the tmbirie, the surplus water passes through the 
restricted orifice, and immediately a retarding head, equal to the ] nss due to 
the restricted orifice, is built up in the conduit. The size or the orifice may 
lie designed for any desired retarding head. If the orifice is large, the tank 
passes into the simple tank class anil the retarding head is negligible. If the 
orifice ih infinitely small, the retarding head is equal to the water hammer 
in the conduit with no surge tank. The size adopted is usually such that the 
initial retarding head, for full load rejected by Ihe turbine, is approximately 
equal to the ultimate rise of water surface in the tank. 
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The more quickly'the accelcratinft and retarding bcnda are applied, the more 
effective will be the surge lank in the adjustment of the conduit diBrhnrgc; 
hence le«h water will have to be stored in or delivered from the tank, and the 
tank may therefore lie windier. 




Fh.. 2. Types of siu-ftt tanks. 

Figure 4 slums tin* act ion of a restricted-orifice tank for an increase in 
lo/nl, anil Fig. C slums a comparison of the re«at ricled-nri/iro ijnk anil the 
simple tank. Figure 4 shims tlmt, when the turbine gates are opened, an 
accelerating head in the eondiul is lnmioiliatelv created The water in the 
tank gradually lowers, and, at the end of the fir^t quarter eyrie (85 see), the 
pressure in the conduit corresponds to the level in the tank and the flow out 
of the tank has been reduced to zero. 
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The restricted-orifice tank offers greater efficiency and economy than the 
simple tank; but the desirable sudden creation of accelerating and retarding 
head in the conduit also induces correspondingly sudden fluctuations of head 
on the turbine, which the governors may have difficulty in accommodating. 
The simple tank is ideal, as far as ease of governing is concerned, in that the 



Fig. 3. Action of a simple surge tank* 

head changes are so gradual that even a very slow-acting governor has no 
difficulty in following the change of pressure. On account of the Midden pres¬ 
sure changes in rostricted-onlice lank*, this type cannot be adopted for many 
installations where close governing is required and where the cost of the neces¬ 
sary additional inertia of the rotating elements of the generating units, to 
compensate for such fluctuations, would be prohibitive. 



Fig. 4. Approximate action of a restricted-orifice surge tank. 

4. The Differential Surge Tank. Sketches E and F of Fig. 2 show out¬ 
lines of the differential surge tank. This type is designed to provide a com¬ 
promise between the simple tank and the restricted-orifice tank. It differs 
from the simple tank only in having the additional internal riser, ns shown 

*See p. 789 of Ref. 2 of Section 16. 
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The internal riser is of smaller diameter than the connection to the conduit. 
At the base of the internal riser there is an annular port, co mmunicat in g with 
the tank. The area of this port is proportioned to suit the conditions under 
which the tank is to operate. The clmractcrifetics of the surge depend upon 
the area of the port. 



0 IS W 71 KBIS10l7S2DD225 Z50Z7S9DB5m 
Time in seconds 

Fig. 5. Action of a differential surge tank.* 


In the differential tank, operating for gate opening, the water first falls in 
tlie internal riser, establishing in a hliort time a iilatively large accelerating 
head on the conduit. The level of the tank falls slowly, supplying the de¬ 
manded increment of flow through ihe ports at the base of the riser. When 
the gates are closed, water rises in the internal riser, establishing a retarding 



Fig. 0. Compui won of action of different ^urge-tank types. 

head on the conduit as well as a differential head on the port, whirh forces 
the water rejected by the turbines through the port into the tank. 

The action of the differential tank for an increase in load is shown in Fig. 5. 
Comparison of the action of this type of tank with that of a simple and a 
restricted-orifice tank is shown in Fig. 6. 

♦See p. 789 of Ref. 2 of flection 16. 
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A comparison of Figs. 4 and 5 shows that the action of the differential tank 
is similar to that of the restrictcd-onfice tank, except that the initial pressure 
change and head on the turbine, instead of occurring inslautly as in the re- 
ptncted-orificc tank, or very slowly as in the simple tank, occurs quickly 
enough for good efficiency of the tank and is still spread over a period lung 

enough to enable the governors to adjust 
the turbine gales to compensate for the 
change in head. 

5. Design of Surge Tanks. The the¬ 
ory of regulation of conduit flow by the 
U^e of surge tanks is quite involved, being, 
in fact, loo intricate for proper treatment 
within the scope of this hook. Correct 
design is so ini] ioi laid to successful opera¬ 
tion that the data should be very carefully 
analyzed by an engineer 1m has devoted 
much time to the study of the theoretical 
considerations and who has' had the rare 
opportunity of applying the theory exten¬ 
sively in prarticc. For an exact analysis 
of the problem, involiing aKo tanks of 
special shapes, the render may consult 
Ref. 3 of Section 10. 

However, simple methods have been de¬ 
vised, by which the approximate dimen¬ 
sions of a surge tank ran lie obi.ained for 
purposes of preliminary estimate 1 *, econ¬ 
omy studio-, and other oluiou^ u-e>* 
Such methods should never be used for 
final designs. 

Figure S is a diagram made by R. D. 
Johnson for the approximate solution of 
singe-tank problems. The diagram is 
made for both differential and simple 
tanks. Johnson states tk.il the curve* for 
the simple tank are not extremely accurate, 
and later investigations indicate that some or possibly all of them should be 
slightly raised for the laiger values of K n '. Tl ls likely, for example, that the 
top curve would pass through the point whose coordinates are 141.fi and 
S7.0 instead of 141.fi and SOfi Nolo that the maximum pueblo value 1 of 
N,' is 7SI.fi and occurs when K,' 63 3. The diagram is used in the follow¬ 

ing manner: 

In the following nomenclature, the units of measure are the foot and second. 



Fir,. 7. Fortv-fool differential 
tank 24."> ft high at Biowns Falls 
plant of Northern New York 
Utilities, Inc. 
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A = area of the conduit; 

R = area of tho internal rifter of a differential Burge tank; 

L = length of the conduit from forcl>ay to surge tank; 

F =» net area of surge tank, i.e., area in excess of internal riser area; 
f a * total Iokh of head in conduit from reservoir to surge tank, 
including velocity head in the conduit at the surge tank riser,* 
assumed for accelerating conditions; 
f r «= same for retarding conditions; 

H = net head cm the turbines, used for test of incipient stability; 
d a = lowest draft on pond, assumed for accelerating conditions; 
d, = highest flood height on crest, assumed for retarding conditions; 
y a = fall of wat*r level in the tank from its initial jmsition previous 
to a load increase; 

y r = rise of water level in the tank from its initial position previous 
to a load decrease; 

Ya - maximum fall of water level in the tank Mrwr crest of dam; 
y, = maximum rise of water level in the tank alsive crest of dam; 
c = friction characteristic of the conduit, or rr 2 = /; 


Ka and AY = constants for accelerating conditions; 

J\/ and A'/ - constants for reiaiding conditions; 

i*! = initial general conduit velocity before acceleration begins; 
c 2 - initial general conduit velocity before retardation begins; 
iv = critical conduit velocity; 
g = acceleration of gravity = 32.2; 
p = percent:ige of velocity change. 

Pmre friction in tho conduit decreases tho upward surges for retarding 
coiuluit-vclocitv com lit ium and un« tho downward surges for acrelcrat- 
n>ndi4ion-,‘tho x.ilue of r to be adopted should correspond to tho inim- 
imun conceiv'd do tnetion for retarding conditions anil the maximum eunrciv- 
■,1,1c friction for ar,-derating condition-. I’os-iblc variations in friction for 
‘varum, tvpes of con, lull, are Riven ,n Section 10 of Chapter 8. 

Tn determining the maximum dwrhargc of Hie turbines, it should be re- 
memliered tlut the guarantees of the manufacturers are sometimes exceeded 
Therefore, a man-in of hifrtr Aould lx, applied when computing the maximum 

"“St eSoma’n- to design the -urge tank to accommodate full load rejected 
it is eu ton circuit on the transmission 

rCt Ef \Z- <'■’ "»•—•*-“*'„**-* 

hue. me nu turbines in the plant, the nature of the power 

St au,/other consideration-. It ia possible for the operators to throw 
MUoadm the plant suddenly; but this is quite unlikely to ho a normal ope.- 
ilditmn, pnrtnularly if more than one turbine u, installed. It * cus- 

* There mny lx- a Venturi at the riser. 
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Fru 8 Johnson surge-lank diagram. 
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tomnry to adopt a load change corresponding to tliat which mny l>c expected 
from normal power-market demands. On large systems, the sudden ch an ges 
©i load demand are insignificant, but for an individual plant carrying a widely 
fluctuating load the percentage load increase may be quite severe. For 
plants of more than one unit, supplying fairly largo systems, an increase of 
load from three-quarters 1o full a frequent assumyition. 

Hie various •-tops necessary for (lie unc of the diagram, and an explanatory 
example, will now lie given. 


AlTKLKHATION 


Step 1. Compute the minimum inissible full gate discliargc, Q, of the tur¬ 
bines and the cnrrcsjKmding »' 2 in the conduit under lowest headwater conditions 
for the value of /„ in the next step. 

Step Compute the maximum possible friction low, / 0f in the conduit, for 
the computed value of v 2 in the first step. Obviously, these two steps are inter¬ 
dependent and must lie solved by trial. 

Step 3. Compute r from 


r =■ 


fa 
/' 2 “ 


PI 


Shp 4 • Compute F in terms nf AY from 

f = ( A ; Y 

\mV)W'2g, AU 


PI 


Step .7. Aquino » velocity rhanfte fnnn i’i to t'i for which the Mirj>e tank is 
t< lie designed. 

s Up d. Compute AY in terms of y a from 


Ifldrtei 1 - ci 2 ) 

A a — 

!/n 


131 


Step 7. Assume several values of s irge. ?/„, as indicated in Table 1. 

Step H For each surge, compute the eorres|wilding AY iroin Eq. 3 of Slop 0. 
Step Compute p I rum 

p ~ [41 

P 2 

Step 10 . With Kn and p from Steps S and 0, find the eorresjamding AY from , 
Curves 1 or 2 of the diagram of Fig. K Figure S has l>een constructed Jor a 
maximum value ot p = U.o of load thrown on, since that value is well outside 
usual operating conditions. For a greater value of kind thrown oil, see Fig. 1, 
p. 7S2, or ltef. 2, Section 10, in which K = 100/ AY and N a = AY- 

Step 11 . With this value of AY, compute the corresponding value of F fiom 

Eq. 2 of Step 4. . , 

Step 11. Compute the departure of the original friction gradient from crest 

level, from 

Deimrturc — err + 
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Step 13, This departure, added to the assumed Hurgc, y a , in Step 7, Rives 
the lowest surge, Y a , below crest level. 

Step 14, Compute, from the value of F dcrivod in Step 11, the corresiMinding 
tank diameter from 

n - 'hti I*' 

The area, R, of the internal riser may lie assumel to lie the same us that or 
the conduit, which is an approximation on the safe side, us the riser is usually 
slightly smaller than the conduit. 

Step IS, Values of Y a and 1) from Stops 13 and 14, as shown in Table 1, 
may now be plotted in the form of a curve as in Fig. 9. 


Uetahdation 


Step 1. Compute the maximum possible full gate discharge, Q, of the tur- 
bines, and the corresponding velocity, n, in the conduit., under highest head¬ 
water conditions, for the value of /, in the next step. Note that this value of Q 
is larger tliau that for acceleration liccmi.sc the original net head is greater. 

Step 2. Compute the minimum jwiasiblo friction loss,/,, in the conduit Tor 
the computed value of in the iirst step. 

Step 3, Compute r irom 


r ~ 


/. 

i'i s 


Step 4 . Compute A / in terms of F , from 


A'/ = ) VF 


l«l 


Step a . Compute y, in terms of AY, from 

100r/ 2 “ 


UI 


Step 6. Assume several values of surge-tank aiea, F, as indicated in Table 2. 
Step ?, For each area, compute the cnrresiwinding AY Imin Ecp 0. 

Step 8. With this value of N,\ find the isirresjwinding value of K/ from ('urve 
3 or 4 of the diiigraiu of Fig. 8. 

For Curve 3, read values of N/ in the right margin of Fig. 8. For Curve 4, 
the maximum AY = h3.fi with N/ 78.0. 

Step 9 - With this value of A'/, find the corresiwaiding value of y, fnnn Ecp 7- 
Sfep 10, C'(impute the departure of the original friction gradient from crest 
level, from 

1 Vpnrturc =* d, — cv 9 2 


Step 11. This departure, added algebraically to the value of //, fnnn Step 9, 
gives the highest surge, Y tl above crest level. 
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i%iep 12 Compute, fioni the nhsumed value's ot F at Step 0, the correspond¬ 
ing tank dumeler itom Kq 5 

13 \dines of U t and D fiom Steps II mil 12 as shown in Table 2, 

ina> now lie plotted m the ionn of a (urn* is m 1 ig 0 

Ordinates between the two nines of lijg 9 show the required height of the 
tank foi any adopted value of diameter Unwexei, the uuves should now be 
tested toi “mi lpient st llulitv and ‘ mtic al i dor ity ” 


mirIm ifiim SlABIIin 


To msiiii incipient ^*tnl>ilit'\, thil is ste«b conditions under slight load 
(h luges, Thom i lt| h is shown tli it the aic i ol the tank should not lie less tlian 


Fa, - 


AL 

2ydl 


M 


Or, in terms of dniuita, the dninctn should nr>t Ik less thin 


Simplifying, 


I)m 



H + {AL ZgtH) 
0 7S5 


I) M = I H - y/fl + 


1 Ij 

2qdl 


[ 0 ] 

[101 


r Ihe \ due ofc to Ik* used in the i1h>\c equations should lie the c adopter! for 
let ud it ion The \ due ol 7/ to lie used should 1)0 the sm illest possible net head 
uudci full loid conditions 

Equ dions S 0 mil 10 ue tliemrtu il expulsions omlKirlymg the assumption 
ot roust ml effu unr\ ot tuihim Johnson lus shown * tint, lot operation on 
the diooping side ol the efhr u nc\ r him, the t ink dimensions used must Ixj still 
lugei Howivet is the sIujk ol the effu icim> r iim is not usinlly known for 
pithiiJir in imesti®ilions the &pi>io\inuti dumcUr ot the tmh, tr> insure 
imlpiclit sf ihilih nnv hi issumed 2T\% 1 tiger loi the diflireutial tauk and 
40 % lugci Im tin siniplr tmk 


lei inn (’unit \h \noun 


Y m i gixen m i ot t ink, theie is i cntical \elocitv which, if reduced to zeio, 
will gne tlic in iMinuin height nt suigi Johnson's equation for the nitnal 
^elout\ is 


fr = 



HU 


Oi, in tenns ol dnmetei, 


0 1 / AL_ 

( \ 0 785 U -U 


♦ Sir v 269 nl IM 5 ft rlion lf> 


[121 
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The value of r that was adopted for retardation should be used. 

The critical velocity may 1x5 greater or lens than the full-load velocity, v a . 
If the critical velocity is greater than /’s, no correction need be made in the 

curves of Fig. 9, except that, if the critical veloc¬ 
ity is only slightly greater than t'a, it might l»e 
thought advisable to design for the critical veloc¬ 
ity, Ilian uhieli no velocity could give a greater 
surge. If the critical velocity is less than \% it 
should l>e used for detcrinining a revised surge 
to iix the height of the tank oi the given size. 



Adopted Size of Task 


Fid. 9. 
ntory 

6 . 


From Fig. 9 it is seen lhat the diameter 
vanes inversely as the height. Consequently, 
any combination of diameter and height that 
will correspond to the curves of Fig. 9 will ful¬ 
fil the reciuneinenlF. The eoinbmal ion adopted 
should be such as to make the cost of the lank 
the minimum, il being borne in mind that the 
tank should lx» n* large in diameter as possible, 
consistent with economy, to limit the extent of 
the surge.- for which the governot must com¬ 
pensate. 

Explanatory Example. The following example, for the approximate 


Diagram for explnn- 
exumple different i:d 
singe tank. 


design of a differential surge tank, explains the loregomg method. 


,\f ('KLIUtATinX 

Step 1 . liet 

Q = 292 sec-ft 

/> 2 — (MM) ft per second 

Step ?. I jet 

f a = IS. 4 ft 
Step 3. Compute 
r = 

Stev 4 . I-et 

A = 

IjCt 




44.IS mi ft 


L - 12,800 ft 




Compute 


E\ PLAN \ 1011 Y LX \MPLE 
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or 


F - 


, 100 X 0 422 y O t> \ 


2 X 32 2 ) 

44 IS v 12.S00/ 



*5frp 5 I et (Mi iii|?c it urn 210 In 2*12 Hie cun es)H>n< ling \ clot it\ t lunge is 
i * — t) h 
I ! - 4 % 


S Up 6 ( oniputp 


or 


100 / 11422(1) (i - 4W) 


A„'- 


S01 

7 


1A11TI 1 


S Up 7 Assunu A llu<«» ol SUlgfS Ua 
S Up S ( onipulc A, fimnStipb 
() t> I 05 

s/( p u (ompul< p— ^ ^ - 02 ) 

S Up 10 I lTul \ from ( HIM s No 1 ot 1 l& h 
SUp it ( ompuh / iiom Slip 4 
S Up U \ssiiim ti — 11 i It 

f omputL clc putuic — 0 422 X 1 95 I- 
J3 5 = 

S Up II I owe si smgi ) * 7 

S Up 11 \ssunn It = 1 = 14 IS sq ft 

// 4 n is 

( oniptili n ~ \ o 7S5 
S Up 1 7 Plot Mips 1 3 iiul H m lik *1 


8 1 

10 0 

liKi 0 

SI 0 

7S 0 

50 0 

(>S5 0 

353 0 

23 S 

23 8 

31 9 

83 S 

3(1 5 

1 

22 5 


15 0 

20 0 

54 0 

10 5 

34 5 

25 0 

131 0 

70 1 

23 8 

23 8 

3S S 

13 8 

15 1 

1 12 1 


* L*m tit 


If I 1 AHDU1DN 


Step 1 I el 

Q — 304 Spt-ft 

12 - h S7 It ]Mi sMDiid 


let 


Step 2 


f - 11 0 ft 
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Step 8. Compute 


14.0 


= 0.296 


6.87 2 

i 4. Let, os before, 

A = 44.18 M) ft 
L = 12,800 ft 

Compute 


,v/ - (100 X am x 6 S7 V/ 


or 


or 


A / = '2A7y/F 
Step S. Fur complete shutdown, compute 
100 X_0.296_>< ft S7 J 

"A7 

14(H) 


1/r = 


“ A/ 


TVlil.L 2 


Step G. 

Assume values n| V 1 

100 1 

, 300 

7(H) | 

| ‘KM) 

1 1300 

Siip 7. 

Compute A / ti0111 Step 1 

27 :> 

37 5 

r» 7 3 

65 1 

80 0 

St( p s. 

Find h r ' horn Cm\i An 1 ol 







Fir 8 

2 5 5 

31 0 , 

4h r> 

55 0 

M 5 

Stt p 0. 

Compute »/, fiom Step A 

51 8 

II 2 | 

28 «) 

25 5 

22 0 

Slrp to. 

\ssuine d r — 6 0 11 




1 

1 


Compute d< pa it un * tit) 




1 

1 


0 2 | )(> X ft R7 J , 

S 0 , 

S 0 1 

S 0 1 

8 0 

s 0 

SUp 11. 

UlRhcsl SU1RY . ) r — Step 10 -t 

1 



1 

1 


Step \) 

4I> h 

:« 2 

20 0 

17 5 | 

1 111) 

Step 12, 

Assume R * A 11 18 sq II , 



1 




, If h- 41 is 1 

Compute 1) =* + —- - 
\ 0 7S5 

l() 1 l 

21 0 1 

30 8 | 

7 

J2 3 

1 

Stf p 18. 

Plot Steps 11 find 12 in Fir *1. 


1 

1 

1 

i 


TllM fOI< IVIl'IIA’J bI VlllI jI ’1 Y 

The minimum idlowcd dim net ci iiu incipient st ihilil\ is t om pried Iron Kq 0 
]*t 

R - A = 44.1 Ssq ft 
L = 12 ,800 .t 
H = 150 tt 

c =■ 0.2% fur rclardjtmn ns lielorr. 



Then 
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i*th+ - i 12 -^ 

/>„ = -' _ 2X323 <02% M W 

0 785 " ,7,>M 

And us this is to Ik> l diHt icntnl 1 ink use 2V/ ( greitd JiimOu, ui 1 25 X 17 0 
“ 22 0 ft 1 lus is unlit itcd m I ip *1 


liSl 1 OH OmiTC \J \t.lHHY 

1 he mtu ll \elocit> is touinl fiom Lq 12, or 

0 1 /4ilSxi2S<Mr 
'* 0 2 % \0 7 S r j/> -44 IS 


I et 

/ 


t 



s 2 joo 
- 


77=15 00 20 00 25 00 35 00 
1 1 om previous e«|iiiticiTi, - 22 10 15 10 12 03 S 40 


12 40 45 00 
b S7 b 47 


I mm Mum e lit trillions it is s n lint is the \ m used ioi retirdition w is 
(j S 7 no miinlion need Ik limit to tin tiuvt oi 10 toi idupteel diinitfcrs 
Jt">. tli n 424 It hut it it l- d( ucd In ulopt i diuiKtir pie ilii thin 424 It, 
tilt ciilu d veloutv must In twd to clcftliiiiTic tin upw nd smpi Fur in¬ 
stinct, it il is thnitd to nlopt i bum In ol 45 if Mu suipi must be. enm- 
pulul 1 1 om tin eirin d vtlo it\ ol b 17 nistc id ot tin vcloutv ot (i S 7 pnvi- 
ou h listd tin \clout\ (I b 17 Ixiru tnlit d \ull pm tlic pnitti surRt 
\ di m if It i til >0 ft will lit idopttd lot tlw link, md tin tuivrs of lup 0 
dinu tint lln lop tif the t ink mu t Ik il It is! 21 5 ft dxm ui-t levtl md 
Mu bottom j 20 IL htlow in 1 ltnl mikniR tilt tot d height of tin link 
5 > 5 11 

7 Surges in the Conduit lhr cm css picssuie d»o\e crest level in tin 
tondiiit due to suites in tin t ink will he tqud to lxtween the surpt 
t ink mtl i min d point on fin londuit lnu mil thenu will tlecit im line nl\ 
to /no it the ioichiv l his mle ipplifs to i conduit of const mt ehuielei 
i ins tin oupliont I ui is in u eiieiuh Jor pr it tic d pm poses ii tlic ui i of the 
conduit mill ims tow lids tin fori l) i\ 

Jo dele imine the loe it ion ot the entied point on the conduit lint lit 


1 - the dist mte in feet from the lorelnv to the intu d jaunt 
a the Ailor it\ of w m pi op ir it ion in the eonduit in feet per second 
f - tune m ctonds iiquned fur tin evess prtssme Y r to aeeumulafc 
it the suipe tmk 


Z * 


ta 

2 


[U] 


J hen 
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The determination of the value of velocity of wave propagation, a, is given 
in Chapter 34. 

The time, t, may be assumed as follows: 

For a simple lank, t is so large that the distance l will be greater than the 
length of the conduit; lienee, for such results, the excess pressure may Ik* 
uhsuiikhI to diminish linearly from the surge lank to the furebay; i.e., the 
critical point is n1 the surge tank. 

For «*i restricted-orifice tank, t may Ik* taken equal to the time required to 
rlose the turbine gales. The erilieal point will Ik* closer to the loreba.v for this 
type of tank than for any other. 

For a differential tank, t tnay be obtained from the following equation: 


YrH . t 

-aA + 2 


where V is the time required to close the 1 turbine gates and the other letters 
are as indicated in Heel ion 5, i» a being used for retardation. It should be 
remembered that R, the area ol the internal riser, may l»e smaller than the 
area, A, of the conduit in speeial eases. However, R may be assumed to be 
about ?K)# of A for preliminary calculation*. 

The excess pressure in the conduit, due to surges in the tank, may occur 
simultaneously with Ihe water hammer caused by the sudden acceleration 
of water in the riser, as explained in Chapter 3*1; but this dor* not always 
happen. However, it is best to add these two effects in determining the max¬ 
imum excess pressure for which the conduit is to be designed. 

The foregoing ineihnd applies also to the determinations of subnormal pres¬ 
sures in the tank for load increase*, (‘arc should be taken that the pressure 
ill the conduit never becomes negative as, under such conditions, the conduit 
is likely to collapse. 

8. Heating Surge Tanks. In cold climates it is necessary to apply heat 
to the water 1o prevent freezing. The diagram of Fig. 10* show's the heal 
loss from the surface of exposed *teel tanks in Iltu per hour per square foot 
of surface area per degree (Fahrenlicil) temperature difference Iwdweon tank 
water and the atmosphere. The temperature of the tank water is the average 
inside the tank and is usually assumed to be 32 degrees. The surface area is 
the entire urea of water in contact with exposed steel, plus the area of llie 
top surface. The diagram is made for a wiml velocity of 12 mi per hr. Add 
0.1 Jtfu for each mile y»er hour above 12. Tn determining lie* temperature 
difforf'nrr and the wind velocity, it should be remembered that minimum 
temperatures for a given locality seldom last for many hours, nor do high 
wind velocities usually accompany very low temperatures. 

In very cold climates it is the general practice to lag surge tanks to assist 
in the prevention of freezing. Tin* accepted be«t practice in this resyieet is to 
attach clip angles to the wall of the tank and to bolt to these* angles nailing 
strips, so that the lagging proper w'ill be located l» in. away from the wall of 
the tank. Snell nailing strips are generally rut to conform to the curvature 


♦Drawn by L. Goff of the. Factory Mutual Laboratories, Host on. 
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of the tank ami are plared in a horizontal ixwition. A space of 1.5 to 2.0 in. 
is provided between the strips and the tank to allow circulation of air. On 
very large tanks, where it is a simple matter to l»cnd the lagging, the 6 -in. 
nailing strips can be placed vertically. This arrangement is a somewhat 
simpler means of providing for the transmission of warm air around the tank. 
The lagging itself invariably consists of two layers of matched 1 -in. lumber 
with building paper between. 

It is necessary to provide for the transmission of air into and mil of the 
tank, on iicrmmt of the changing volume of water. On small tanks, a narrow 
slot under the eaves of the roof i& usually pro¬ 
vided; on larger tanks it is customary to in¬ 
stall lunged doors, hung at the top, which are 
five 1 o move in or out for the transmission 
of air, hut w'luch normally hang closed to 
confine the heat willnn the housing. 

The usual method of healing the tank in 
cold WTathcr is to use wann-air circulation 
lief ween the tank and the lagging. The Asso¬ 
ciated Factory Mutual Fire Insurance Com¬ 
panies Inspection Department recommends, 
for 2.75-in. w’ondon tanks and for lagged 
tanks, one llnrd of the heat units shown in 
Fig 10 for exposed steel tanks However, 
additional heat units should lie allowed for 
the loss of heat out of the top of the tank. 

In the ease of flap doois anti a fairlv steady 
load condition, this loss of heat is not great; 
but oil smaller tanks where a narrow slot is 
left at the lop the loss of heat may be con¬ 
siderable. 

Ordinarily, Ibe warm-air heating system de¬ 
pends on natural circulation imlv, but a more positive means can Ik 1 infilled 
In using forced ventilation. Other methods of heating include discharging 
warm waiter mlo the tank ueai the bottom. This can be further augmented 
by blowing air into the bottom of the tank in order to keep the contents of 
the tank in circulation. There does not srein to lie much diffcience iri the 
efficiency of the various methods of heating, provided the lagging is installed 
according In llic standanl practice. It is necessary to estimate tl\e dissipa¬ 
tion of heat through the lagging, and to base the capacity of the heating 
plant on this figure. Care should be taken, in the ease of the natural w.irm- 
air circulating system, to see that the aiT is fairly evenly distributed around 
the circumference of tlic tank ancl for the entire height. 

llubbler systems similar to those dcscrilxal in Section 6(7 of Chapter 27 
have lieen uaed successfully iu lieu of frostproofing at the Rocky River plant 
of the Connecticut Light and Power Company, at the Berlin plant of the 



Heat loss 

Btu par hour par sq ft par D F 
temperature difference 

Fin. 10. Lnnq of heut from 
cxpriHod steel tanks for wind 
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Public Service Company of New Hampshire, and at the Cobble Mountain 
plant of the Western Massachusetts Electric Company. 

Tho matter of fire protection may be important. In the ease of an elevated 
tank, the lagging around the riber near the babe of the tank could In? made 
of tile and tho wood lagging started well above tho ground level. In this 
way there is little danger of a fire at the ground level spreading to the wood 
lagging. 

Hout is frequently provided at the base of the riser pipe; but, where the 
riser is of ample size and a slight reduction in area due to an ice coating would 
not be objectionable, tho riser is enrahod and the heat applied near its top. 

Much information regarding heating appliances for tanks is given in “Speci¬ 
fications for Gravity Water Tanks and Steel Towers,” published by the In¬ 
spection Department, Associated Factory Mutual Fire Insurance Companies, 
Boston. 

For the Brown** Falls Mirge tank, Fig. 7, the riser pipe, which is 11 ft in 
diameter and about 200 ft high, is inclosed in an octagonal framework, 
sheathed on the outside with two thicknesses of 1-in. cypress, planed and 
matched, between which is placed a layer of builder’s felt. This framework 
is made large enough so that a series of stairs are inclosed, leading from a 
door at the liollom to a floor underneath the tank. No heat is applied to the 
air space around the riser. 

Almut 3 ft below the I>ottom of the tank, there is a floor extending out 
lipyond Ihe line's of the tower, and from this floor a double thickness of the 
same cypress sheathing extends up and around ihe shell of the tank. Tin* 
portion of the sheathing is circular in plan and is separated from the btcel 
sides of the tank by an air space of about 8 in. This sheathing is nailed to 
horizontal cleats bolted to angle irons which were rivet eel tei the shell of the 
tank when the tank was ererled. This sheathing extends up to the eaves of 
the conical sled roof which is over the tank. 

Oil the platform unelcr the tank and around the top of the riser pipe, there 
has been plared a rack to wlneli twelve heating units have been attached. 
Each unit consists of a General Electric Company industrial air heater for 
750 degree Fahrenheit operation, Catalog No. UHJS37G1, Tyi>c AH, Form G, 
3.8 kw. The units are spaced equally around the riser and inclosed within n 
sheet-iron partition extending from the floor to the laittom of the Mirge tank, 
making an annular spare about 30 in wide. No trouble with freezing has been 
experienced, although the temperature frequently drops to 30 or 40 degrees 
Fahrenheit lielow zero. 


B. Aiut LI MICTir T n tkgrai ion 
By Earl B. Stronger* 

9. Introduction. In Part A was given u mrlliod for determining readily 
the approximate dimensions of differential surge tanks. The final design of 

* Consulting Engineer, Buffalo, N, Y. 
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the tnnk «nd particularly Ihe iiroa of the port (*ee Heetion 4) in roy timed 
by the Kamo niMiuptuMi aH j n Part A but murt be obtained l»y arithmetic 
mteRrution, eonhw1irj K of Htep-liy-rtcp ealculaliont of the change* in hydraulic 
concbtiona during Mnall iiirrenienta of time. The arithmelio integration 
method will Ik- explained in detail for a differential surge tnnk only and ab¬ 
stractly fot a restricted orifice tank. 



Fui. 11. Diffeiruliid lank showing suige enndilinns ni nnv time / 4 it. 


10. Nomenclature. In the following noiiienrlaturi, unit- of fi-et and hcp- 
omls are intended. Figure 11 shows -nine of the symbols a- u-ecl ui eoinieetion 
with a differential tank. 


*1 — ami of the conduit hetutcen fond my and surge tank; 
a — urea or surge tank jiort or orifice; 
rn = coefficient of discharge of I he port; 

r - a friction constant such that IV = / = the Josh of head fioin fnrehay to surge 
tank, including velocity head at the surge tank riser, for any vcWily, n; 

/ =* Iosh of head fnun forebay to surge tank, including velocity head at the surge 1 
tank riser, at time, f -f Af face symbol C); 

F ■* net area of the surge tank, i.e., gross area less riser area; 
iK — acceleration of gravity; 

h f = average 1 accelerating or retarding head on I lie conduit during interval A/; 

JT— accelerating or retarding head on the conduit at lime t -|- At; 
h\\ — average differential head on the port or orifice during interval At; 
hi) ■» differential head on the iM>rt oi orific*e at time t + At; 

L = length of the conduit from forebay to surge tank; 

Q — the averagi 1 rate of discharge passing through the lurbine during interval At; • 
Qi — the concurrent averagi 1 rale of discharge suppliisl or received hy the riser pi]**; 
Qi — the ronrunvnt average rate of discharge 1 supplies! or rmdvcd hy the surge lank; 
Qi ■= the concurrent average rale of discharge supplied or received by the conduit; 
R — the area of the riser pipe; 

/ ■= a given time; 

A/ — an interval of time immediately subsequent to time t; 
v* « coiuiuil velocity at time /; 
v 0 = original steady conduit velocity; 
v conduit velocity at time t + At; 

y p ' — tofaj fall or rise of water level in the ri«*r pipe, Ik‘1ow or above the original 
steady gradient, at time t; 
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y p *■ name fur lime i + bt\ 

yt ■■ total fall or rise of wator level in Lhe surge tank lielow or alwve the original 
sloady gradient at time t\ 
yt =■ same for time t + A$. 

11. Fundamental Equations for a Differential Tank. All distances, 
y , are positive, whether measured downward or upward from original steady 
gradient. These equations are for n differential surge tank. 


ArrKMfiRATioN Rktahdation 


a (Vp - Vp^lt 

Q1 ~ M ■ ■ 

I15J 

Same 

k 


Qz = rofi s/tyhu 

1101 

Same 



H71 


[17o] 

Q - Qi + Q* f Q* 

[1R| 

Q - Q. - Q, - Qi 

(18ol 

,, (yt - y,'W 
(h-—- - 

[191 

Saint* 


v-v' + h ' a l * 

Li 

(201 

h’y 

V — !>' — 

/< 

[20al 

h = (v P — f ) “ Vp — (’(v 2 — Bn 1 ) 

I2l| 

h * Up - (’( i»n" — tr) 

[21o| 

hn = Up - Ut 

[221 

Same 



These equations can be solved if the value* of h' and h u ' are known or 
assumed closely. There are three method*- wlurh mav he used: 

1. AsMinie h ' and A,, 1 anil calculate h and /<„ fioni Eqs. 21 and 22. Then 
adopt more accurate values of h f and h u ' and refloat bv cut-and-try method. 
Tins can be used advantageously at lhe .start until the hydraulic chararter- 
isties are plot led. Then iw method 2. 

2. Plot values of h and and cxtra]>oJate the curve to obtain values of 
h' and h u ' for the next intervul. 

3. Assume h' mid h 0 ' for any interval At to be equal to h and h 0 at the 
end of the preceding interval. This method is commonly used. 

Ah indicated m Section 15, a port area must be assumed and sufficient cal¬ 
culations made to determine whether that area is satisfactory. The correct 
port area is that which will give a total surge in the riser pijx* not materially 
different from the surge 1 ui the tank, the latter Hurge being forecasted by the 
approximate method described in Part A. 

12. Explanatory Example for Acceleration for a Differential Tank. 
Let full gate turbine discharge be started from zero flow. Assume: 
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Diameter of tank * 40 ft; 

Governor time for full owning » 5 sec; 

Minimum forobay level - original steady gr idient at surge tank ** olevar 
tion 2000.00; 

R, usually equal to A - area of ri*er pipe and conduit = 113.1 sq ft; 


F = net area of surge tank = 1144 sq ft; 

C — ninxiinuin possible conduit friction constant 0.191; 
v„ = original steady velocity = 0; 

L = leugth of conduit ** 7710 P; 
r 0 - port coefficient - 0.6; 
a = area of i»ort = 40 7 sq ft. 

The steady full-gate demand at the turbine after the surge has ceased is 
1500 sec-ft. For high heads, it may lie ussumed that the value of Q % ior the 5 sec 
of governor time, increases umlormly from 0 to 1500 sec-ft awl remains at 
1500 sec-ft thereafter. For low heads, the turbine discharge will vary consider¬ 
ably with the head, and Q should lie altered for each step in the calculations to 
correspond to the hem! measured to the elevation of water in the riser pipe during 

that step. , . .. 

Taking A t at 1 sec, the computations leading from a time f, of 9 sec to a tune 

1 4 A t of 10 sec are an follows: 

Previous step-in-step calculations have resulted in the following values at 
lime l oi 9 sec and the assumed average values for the nest interval, At, of 1 sec. 


Timk t AvoiiACifc von Interval M 

y' - 32 A0 h' - 32 46 

yt ' * 5 30 to' = 27.20 

n' - 0.48 


From Eq. 15, 


- (y P — 32.50)113.1 

Qi -i 


113.1 Up — 3675 


From Eq. 16, 


Q 2 =- 0.6 X 46.7 V 2 X 32 2 X 27.20 ** 1 


170 


From Eq. 17, 


/ , 32.46 X 32.2 X 1\ 

Q, 113 L ^0-4S 4- ^ X 7710 / 


From Iiq. IN 


from which 
and 


1500 * 113.1 Uv " 3675 4 H70 4* 62 
lb * 34.80 

W.S. elevation in riser — 2000.00 - 34.80 * 1965.20 
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From Eq. 19, 


from which 
and 


1170 


(yt - 5.30)1144 
1 


yt = 0.31 


W.S. elevation in tank = 2000.00 - 0.31 = 15)93.69 


From Eq. 20, 


From Eq. 21, 


0.4*0.615 


h - 54.80 - 0 . 1911 ( 0 . 615 )* - 01 - 84.73 


From Eq. 22, 


ho = 34.80 - 6.31 = 28.49 

This completes the steps for the interval At, and the values so obtained 
are used for time t in the next interval. 

13. Explanatory Example for Retardation for a Differential Tank. 
Let full-pate turbine discharge be reduced to zero flow. 

In addilion to the assumptions ill the previous example, assume; 

Governor time for full closing = 5 see; 

Maximum forolwiy level = elevation 2010.00; 

C = minimum possible conduit, friction constant =• 0.1274; 
v p = original steady velocity =■ I3.S8I fl per second; 

/ ■= original steady conduit friction = 0.1274 X (13.881 ) 2 =■ 24.55 fl; 

Original steady gradient at riser pijie = 2010.0 — 24.55 = elevation 
1985.45. 

The steady full-gate demand at the turbine liefore closure is 1570 sec-ft, 
subject to the same conditions as explained for the acceleration example m 
Section 12. 

Taking At = 1 sec, the computations leading from a time t of 9 see to a time 
t + A/ of 10 sec are as follows. 

Previous stejj-by-step calculations have resulted in the following values at 
time t of 9 sec 1 and the assumed average values for the next interval At of 1 sec: 


Time t Avkkaue kor Interval Af 


From Eq. 15, 

Qi 

From Eq. 16, 


Vp “34.60 
l/t' « 5.35 
v' - 13.38 

(y p - 34.60)113.1 
1 


W - 32.83 
hit - 29.25 


113.1 y p - 3915 


Qt = 0.0 X 40.7\/2 X 32.2 X 29.25 =• 1214 
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From Eq. 18a, 

0 * 1506 - 1214 - (113.1 y M - 3915) 
y p - 37.18 

W.S. elevation in riser =■ 1985.45 + 37 18 * 2022.63 
From Eq. 19, 


from which 
and 


1214 - 


from which 
unci 


y t - 6.42 

W.S. novation in tank — 19S5.45 + 6.12 — 1091.87 
From Eq. 20a, 

From Eq. 21a, 

h - 37 18 - 0 12741 13 SM) J - (13.21)’| = 34 99 

From Ei]. 22, 

Ao - 37 IS - 6 42 = 30 7(i 

Tins roinjili'lrs Hie xto])*- lor Hip mtor\al At. and tin* udue>- so obtained are 
used tor turn* t in thi* next intenal 

14. Fundamental Equations for a Restricted-orifice Tank. liio 
s.iinc symbol* will be u>ed for the leMnetod-orifieo tank ah those already used 


n 

i- 


K 


- Sialic level 
Cr,Initial tank level 

% J.-»- 


r \ 


L 


Tank level 
at t+M 


-Static level 

_ __/-jf Qiadlcnt In bonduit 

__ __-ZV' ■* tank t ■KM 

. _ V^-Tank level at t + At 
(t^lnltial lank level 


Vs 



S l OradiLnt in conduit 



■t tank al t+At 

Q* 

e> 

I 


t 

► * 

_ n - 



J 


. iM Retardation 


(a) Ac*.li ration lMR«.rd.«.n 

Fw 12 Reslricted-oiifiee tank showing surge conditions al unv lime I + Al. 
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for the differenhai tank. As can he seen by reference to Fir. 12, however, 
the riser area becomes zero, so that Qi and y p disappear. All distances, y t 


arc positive whether measured 

downward 

ot upward from original steady 

gradient. 




ACCELERATION 


Retardation 


~ O/i - Vi'W 

q* —j, — 

[23] 

Saint* 



124/ 


\24nl 

0 — Qi + Qi 

|2ft| 

Q-Q»-Qt 

|26n| 

, , h '9 

V = !•' + - 

Ij 

|2U] 

, h’f) At 

L 

[2t'«] 

* _ & 

1271 

Same 


h - ho + iu - C(v* — m 1 ) 

1281 

h ~ ho + yt - f W — V s ) 

]28o| 


Equations 23, 24, and 25 are treated as simultaneous equations for deter¬ 
mining the value of y t , which in liiru determines the clout ion of the uatei 
level in the tank. Then Eqb. 26, 27, and 2S determine the values of v , //„, 
and h respectively. 

15. General. Computations similar to the above nm^t be carried through 
from the beginning of the surge transient to the end of one quarter of the 
"urge cycle, i.e., to the point where lank le\el anil riser level become the same. 
During the period at the start of ihe transient when y p changes rapidh, n 
^mall value, such as 1 second, should be chosen for At. Later, a 5-sec oi pos¬ 
sibly 10-sec interval may be used without appreciable error. AKo, several 
values of port area should be investigated and the one produring the least 
numlier of undulations in the riser water level should be used. 

Dead-lieal tanks are not economical. They are used only when it is impor¬ 
tant to limit tlie amount of undulatory motion in the tank itself on account 
of some special regulating in connection with a small system or an isolated 
load. If dead-beat action was required in the case of the 40-ft-dinmetor tank 
m the above explanatory example, it would be necessary to increase the 
diameter to 60 ft to obtain such action. 

An accurate check on the work of arithmetic integration applied to accel¬ 
erating conditions is to plot (hr accelerating head-time curve (Eq. 21) and 
to measure the urea under this curve out to the point where the velocity of 
the conduit becomes equal to the demanded velocity. This area, in footr 
sccond units, should equal the momentum of the water in the conduit at the 
end of acceleration, i.e, equal to Lv/g in foot-seconds, inhere v is the filial 
conduit velocity. In the case of retardation, the ret a riling head-time curve 
(Eq. 21n) should lie drawn, and the area under it measured, out to the time 
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of occurrence of zcni velocity in the conduit. This urea should equal the 
moment mu of the water in the conduit under initial conditions, as indicated 
above, where u is the initial conduit velocity. 
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CHAPTER 36 


POWERHOUSE SUBSTRUCTURE 

1. Introduction. The purpose of Hit 1 powerhouse is to support ami 
house the hydraulic mul eleetneal equipment. The power him** 1 is reiuhly 
divided into two sections, as follows: 

(a) The substructure to support the equipment mid to piovide the necchsaiy 
waterways (treated in this chupter). 

ib) The supers! iu tit us u or building to house mul protect the equipment from 
the elements (treated in Chapter 37). 

The substructure may form an integral part of the dam and intake struc¬ 
ture as in Fig. 3. In other cases the substructure ma> be remote from the 
dam, the dam, intake, and powerhouse being entirely separate structures, 
as at Nantahala, Fig. 15, Chapter 37, and Fie 17, Chapter 3il. In ln\v-liead 
plants, usually 50-ft head or less, the powerhouse substructure with its in¬ 
takes arts as one section of the (lain. 

2. General Arrangement. In modern practice the hydroelectric gener¬ 
ating units are nearly always placed in a single row approximately normal 
to the direction of flow through the powerhouse. This arrangement not only 
avoids greater complication in the waiter passagewa\s but also facilitate* the 
handling of equipment by a traveling crane. The substrucluie is thus divided 
into a series of bays: one bay for each main unit; one for the exciter units, 
unless the exciters are mounted on the main units; and an entrance or work¬ 
ing bay. 

Clearances in the powerhouse between the different pu'ccs of apparatus 
should be ample. There should be an unobstructed aisle not less than 8 ft 
in width from one end of the powerhouse to the other. It is u*ual to druw 
two imaginary lines for this aisle and to locate the edge of generators, gov¬ 
ernors, stairways, etc., on these lines. This improves Ihe appoaranre of the 
aisle as the sides arc then well defined. See Fig. 5, Chapter 37, Conowingn 
Interior. 

Many companies have adopted as standard a minimum of 4 or 5 ft. clear¬ 
ance between all pieces of apparatus outside the main aisle. Exceptions, of 
course, are made to this rule if such space is very infrequently used by the 
operators. 

For large install a dons requiring both an operating and maintenance force 
the switchboard may lie located at any convenient place. For smaller stations 
where only one or two men are required for operation and inainleiinnco the 
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switchboard is generally located as near as ixfesible to the generators and at 
the center of maintenance activities. In large plants the switchboard is often 
remote from the generating equipment and is placed in its own operating 
room. In limes of operating emergency there is a distinct advantage in this 
remoteness and isolation. Tins arrangement permits the construction of a 
pi]ie room or conduit room directly beneath the o]>erating room, thus simplify¬ 
ing the electrical control iiihiallation and maintenance problems. 

Governors, pumps, exciters, ventilating fans, and other small apparatus 
should lie arranged so that a tour of insjjortion from the switchboard to and 
from all points requiring attention will l>e a* bhurt as possible. This feature 
requires careful study in complicated stations. 

3. Working Bay. The working or entrance buy is usually at one end of 
the building and provider ^pace where the equipment may be unloaded and 
m which it may be placed when being repaired. Its size deiiends on the 
dimensions of the equipment and is UMially fixed by the mzp of the generator. 
It should be large enough to permit llic rnlranco of a tmek, trailer, or rail¬ 
road car and to provide ample spare for unloading. If the design include^ 
a railroad track spur across flic working bay, consideration should lie given to 
the addition of a third rail so that the gage of the transformer transfer truck 
ina> be accommodated. Pillow blocks, eilher raised or flush, assembly plates, 
and floor openings for shaft accommodation should lie incorporated into the 
floor sin!) with adequate column support for the creation of such equipment 
as the water wheels and generator -otor. It is often prudent to design the 
working bay as large’ a* IVa times the operating buy. During the erection of 
the units, this space is usually filled to its utmost capacity with miscellaneous 
apparatus which is being assembled prmiems to placement in its final posi¬ 
tion In the eient of an emcrgcnci breakdown, it inav be necessary to 
repair an entire unit \civ rapidly. A unit out of service may be of greater 
value to its sclent in terms of ils capacity than its energy, hence itH early 


return to service is paramount. 

If the entrance hack or highway at a higher elevation than the gen¬ 
erator flooT, the working bay mav bo elevated and the equipment lowered 
to the main floor bv 1ia\oling crane. In many eases, however, this may mean 
that the elevation of the mine rail must he at a corrcsimnilinitly tosher eleva¬ 
tion, thus increasing ihe height an.l the cost of the superstructure. Therefore, 
whenever possible, it ia desirable to have the working hay at the same eleva¬ 
tion as or a lower elevation than, the icnemtor floor. In designing the 
working bitv it is necessary for the di*umer to future out in advance just 
where each'part for a unit could be placed under the crane when it is un¬ 
loaded from the railroad ear or truck or when a unit is stripped for complete 
overhaul. In (tenoral, the working buy is merely larfte enough to accommodate 
.,11 the equipment for one unit at a finale time. Usually the space occupied 
bv the working bav is about equal to one oiieratinjt lwy. 

4 Provision for Transformers. The subject ot IrnnsfenneTS is covered 
in Sections TO to 42, inclusive, of Chapter 41. and we are interested here only 
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in designing the powerhouse so that the transformers may be conveniently 
arranged and handled. 

The main transformers through which the voltage is stepped up from gen¬ 
erator voltage to transmission voltage were fonnerly placed in u separate 
building or else in the powerhouse. Present-day practice is to place them 
either outdoors or inside the powerhouse, but, in any event, quite close to the 
generators so as to obtain leads os short as practicable. 

Withdrawing the cores of the main transformers, which is sometimes neccs- 
ary for repair, often requires more head room Ilian any other operation. Con¬ 
sequently, the transformers are usually mounted on trucks (as at Norwood, 
Fig. 1!2, Chapter 37). Nearby i& either a trailer truck, by means of which 
they may be moved to a position under the main traveling crane, or a sec¬ 
ondary crane which may pick up the trniisJormers bodily, carry them to 
proper position, and lower them into a pit in the working bay or to another 
spot low enough so lhat the core may be successfully withdrawn. The trans¬ 
former core withdrawal location should oflord complete protection from the 
weather, including reasonable warmth (to prevcnl sweating) and freedom 
from moisture and precipitation; also reasonable access to the bulk-oil han¬ 
dling plant for tank filling, draining, and rc-cndilation; and, finally, warm-air 
dryout facilities. If these operation* are carried out ou a concrete floor a 
protective covering of tarpaulins or a liberal sawdust rover is desirable. 

5. Arrangement of Exciters. The electiical problem of excitation of 
the generators is discussed in Sections 24 to 29, inclusive, of Chapter 41. In 
many large plant* one or more house units, consisting of a turbine and a di¬ 
rect-current generator, are provided so that the plant may lie started up 
without dependence on any outside source of power and the mam generator 
may bo excited from the house unit or units. This usually requires an extra 
bay or bays in the substructure. Tn many cases, the extra cost of this provi¬ 
sion is not justified, esjiecially when plants are thoroughly interconnected so 
that an outside source of power may lie depended upon. The extia expense 
of the additional bay or bays is frequently eliminated by utilizing direct-con¬ 
nected exciter units on the same shafl as each main generator or by having 
motor-generator sets which may utilize current from an outside source. 

For the operation of auxiliary service*, gates, light*, pumps, etc., and for 
the starting of excitation under emergency conditions when all transmission 
lines are cold, a gasolmc-engino-opcrated generator set is sometimes installed 
as a stand-by. An important advantage of this and of motor-generator set* 
is that they take up very little room and require no additional bays in the 
substructure. A source of power that does not rely on transmission lines is 
essential for the operation of spillway gates and pumps in un emergency. 

8. Types of Substructure. Powerhouse substructures nre built ex¬ 
clusively of concrete and reinforced concrete. The general types of sub¬ 
structure may lie clarified according to the type of turbine Helling adopted. 
Powerhouse substructures are designed to meet each particular situation but 
may be classified as follows: 
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VERTICAL CONCRETE SPIRAL SETTING 

(a) For open flumes. 

(b) l*ur vertical concrete spiral cusingii. 

(c) For vertical melttl bpintl casings 
(rf) For homonliiJ metal spiral casings. 

(e) For impulse turbines. 

The VAriouH types of curings arc described in Chapter 38, and the condi¬ 
tions governing; the choice of tyjie ure stated in the same c ha pter The dimen¬ 
sions of Iho open flume and spiral casings tire generally lixed by the turbine 
, manufacturers, although changes may be made by them to conform to the 
necessities and desires of the engineer. At the lower heads, the derision 
between the use of the profiler typo or the Francis type should be made 
early in the study of design. The design and dimensions of water p: is sagos 
having been decided upon, general drawings of the water passages are sup¬ 
plied by the turbine manufacturer. 

7. Open-flume Settings. The Bewail’* Island installation shown in Fig. 
1 is a typical open-flume sotting. The head gales may bo inside or outride 
the substructure. At Bewails Island they are inside the substructure and 
handled by the powerhouse crane. The support for the generator, spanning 
the open flume, should be designed for the weight of the generator, the shaft, 
the runner, and the hydraulic thniri. Ample allowance should lie made for 
impact and vibration, »s .surges may cause rapid fluctuations in the hydraulic 
thrust. The maximum allowable deflection of the support is abo fixed by 
the clearances in the turbine runner. The details of the method of support 
should have the approval of the m aim fact urers of the hydraulic turbine and 
of the generator. In setting- of this type the generator must lie set nliove 
flood-water elevation. 

Attention is called hero to the necessity for every possible simplification in 
the design and eonstnirfion of such low-head small-capacity plants as the 
above In such plants annual operating cost is usually a large percentage of 
the total operating post, and some type of automatic or semiautomatic opera¬ 
tion is often called for, as more specifically deseribed in Sections 14, 15, and 
16 of Chapter 30. In open-flume *ct1ina« the mean inlet velocity generally 
does not average over VtM of the spouting velocity (see Bed ion 16, Chap¬ 
ter 30). 

8 . Vertical Concrete Spiral Setting. A« indicated in Fig. 27, Chap¬ 
ter 38, concrete scrolls are applicable for capacities from n few thousand 
kilowatts up to capacities of about 80,000 kw, and for heads from 20 ft to 
almut 00 ft However, the use of this type of setting for higheT cnpnrilitH 
and heads above 60 ft is usually riueriionable Wrause of the complications 
in reinforced-eonerete design involved. In accordance with Fig. 28 and 
Section 10 of Chapter 38, the normal mean velocity in concrete scrolls 
should not exceed ubout 14% of Ihc spouting velocity (V2 qh). If proper 
attention is given to streamlining at the intake (Chapter 27) and in the 
scroll the velocities herein given mav sometimes lie exceeded without unduly 
increasing losses. Velocities as high as 60% over normal have been used and 
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Fig 3 Cio^'^Pttion through Whcelpr powei rlml* Trnnesspe Ri\rr Tennpssee VaJle\ 4uthont\ Foui units at 46- 
000 hp eaih Runner fi\e*l-pvup« llei lurnir diameter 264 in 85 7 ipm lie ui 48 ft, unit dwharge 9200 tu ft pei second 
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generator load must not be considered, as it mat not lie in place when the 
cosing is undei full head. Water hammer (sec Chapter 34) should be m- 
duded in the upward pressure. 

The upwaid pressuie should be clined 1o the bise both through the w ills 
of the casing and through the sjicod ring of the turbine Tins should be 



Fin 6 Hon/ont il sdinn through ClinklmiugL pnwu pi ml Tnmissci Rimi 
Timicvko Villi> AiithonK IMirinfUmt 1 shown l nits 2 tnl^Mnulu l.Si i 

also I m 4 ) 


insisted upon, her uisp tin shb igunst whirli the upw ml jiic «• miic* will or mi 
cannot &pan the rising wills without upward defied ion, md suth ddledion 
will lie resisted by the concrete abo\e and lx low the speed mig of the tmblue 
and in l\ ( mse narking unless Ihe concrete is pioperly reinloiced A jxm- 
tive tie should therefore be pimidrd through the specd ring ol the turbine 
Vei\ wide spnal casings mav have paitition w ills, as m Fig 2, to reduce 
the sp m of the top of the c ising and the width of the intake gates In Fig 2, 
attention is called to the i ithcr oliboi ite hlreunliimig of the piein nnd islands 
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Fro 0 Ohio FrIK Ohio Rivei Loui-mIIp K\ Lounulle Ga«* and Elec+nt Co Eight unit** at 15000 hp each Runner fixed- 
piopellei, lunner diameter 180 in 100 ipm h* id 37 ft unit di-sthugc 4500 cu ft ppi «?econd (Repoit of H\draulic Power Com¬ 
mittee, National Electnc Light Association Publication 256-26. Fig. 11, p 17) 
















764 


POWERHOUSE SUBSTRUCTURE 


[Chap. 361 


in the scroll. Jt. should be noled that such streamlining is much less elaborate 
in some later designs, such as those shown in Figs. 4, 5, and 6. Sec also 
Section 9 as to the advisability of such streamlining. Figure 3 is a cross- 
section through the Wheeler concrete-cased plant. Safe Harbor, Fig. 33, 
Chapter 38, is another example of a plant of the same general type. 

Figure 4 is a cross-section through the Chickainaugn power plant, and 
Fig. 5 a horizontal section through the same plant. The high discharge per 
unit, 10,500 cu ft per second at 3fi-ft head, is notable, ns are the large spans 
in the concrete scroll case. Tho simplicity of the streamlining in the scroll 
caws should also be noted in comparison with the greater complexity of curva- 
lure of water passage used in the much earlier Keokuk plant, shown in Fig. 2. 

9. Streamlining of Approach Passageways. From the standpoint of 
hydraulic efficiency, it is desirable to take the water into the substructure at 



Fih. 7. Cross-section, Bonnrville powerhouse, Columbia River, Ore., Bonneville 
Project Administration. Two units at 60.000 hp each; eight units at 74,000 hp 
Runner Kaplan 5 blades, runner diameter 280 in, 75 rpm, 60,000-lip units, head 
50 ft, unit discharge 13.000 cu ft per second; 74,000-hp units, head 60 tl. unit 
discharge 14,000 cu ft per second. {Tron*. AJ5 C E., Vol. 106, p. 384, Fig. 23, 1941.) 

as low a velocity as practicable, and to accelerate it gradually through the 
scroll ca*e to the speed img, and then, when it has passed the turbine, to 
decelerate it gradually to the tailrnce. 

In Fig. 7 is shown the erosH-section of the Bonneville units, and in Fig. 8 
the plan of the Bonneville seroll case substantially oh constructed. The 
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ralhei eliboi ite stiejiulming is reminiscent of tint ustd in Ike p-iibci Keokuk 
liluit bhovii in Fir 2 Model tests indicate tint i simple design ot scroll 
ib superior to thil ustd in the Bunumlle poweihouse It will be noted 
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comparisons, made at model speeds corresponding to 50-ft and 60-ft heads, 
show that the simple design of scroll is superior to the more 1 complicated one 
that, was used. It is understood that structural considerations made it neces¬ 
sary to use the U. S. Engineer's design. Where it is not necessary to carry 
the intermediate piers too close to the speed ring of the turbine, the simpler 
design is preferable.* 



Fici. 10. Cross-Hort ion of the Qucctihlnn-Cliippnwn development, the Tlvdroelec- 
tnr Power Coin mission of Onlario. Nine units, fhe 55,000-lip and four 5fe.000-lip. 
Runnei Finneis, runner diameters 112 5 in. ami 113 1 in , 187.5 lpm, head 305 ft, 
unit dischnige 2200 cu ft per w'rnnd. (Trans. A S CJ£., Vol. 95, p. 11, Fig. 10,1941.) 

Structural considerations would rarely require the design of such elaborate 
streamlining as that indicated in the Bonneville scroll. As a rule, compli¬ 
cated formwork materially increases co'ds and unless it materially increases 
efficiency there is no reason for adopting it. For most conditions, Fig. 5 
represents the more usual and desirable practice in regard to serull ease 
pierb. For information on the design of the intake for vertical concrete 
spiral bettings, the reader is referred to Chapter 27, "Intakes/ 1 Figures 81, 
32, and 33 of Chapter 38 show other examples of the use of concrete spiral- 
cased units in substructure. 

♦See p. 383, Ref. 6, bibliography of this chapter. 








SETTINGS FOR VERTICAL UNITS W7 

,® piral '“ Bed Settings for Vertical Unite. Ah indicated by 
!£■ of Chapter dX, metal hpual-ca^cd M?Uingt> arc applicable for any 
capacity and for bond-, above 40 or 50 ft. Even at the lower heads the quo*, 
tion of the economics of a steel spiral scroll verms a reinforred-coucrctc 



*i4 OOO hp _ 
nst head i 
61 B rpm | 




Inspection tunnel 
■Unwitoring pipe 


Normal & / 
max head* 
water ll loa.S 


Cross-section 
Conowmgo station 

Fki 11 CWs-m chon of Cnnowingo development, Susquehanna River, Maryland 
Hill idclplua Klciluc Co. system. Scv cu units ul 54,000 hp each. Runner Hanna, 
lunnci (liiinu'lu 101 in., 815 rpni. heat! 89 ft Avciage unit disthaige 6300 cu 

ft per second. 

spiral scroll should be very Ihniouglily examined. In many cases *teel spiral 
acroIU prove more ecunoniiml than concrete scrolls ut these low heads 
because of Ihe high cost of Ihe complicated formwork required with low 
heads In pacing, it may be mentioned that the authors have found the 
desigiiPis prone to underestimate the cost nf such formwork in the prelimi- 
iuiiv estimate* cm in Inch the choice of setting is often based. 

In accord:inci uith Fig. 28 and Section l 1 .) of Chapter 38, the mean velocity 
in steel spiral casings should not exceed 10% of the R]Hmting velocity 
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(v — V2 gh), but in any event Bhould not excoed about 20 ft per second. In 
smooth cast-iron or cast-stecl scrolls, a somewhat higher velocity is some¬ 
times used up to 20% of spouting velocity. 

In the design of metal-caned spiral scroll cuhch, no dependence is placed on 
the restraining power of the surrounding concrete to resist the internal 
stresses of the scroll, and the metal scroll is designed to take care of all internal 
stresses. Actual unit stresses arc usually low, as some allowance (generally 
at least % in.) must be made for wear of the scroll. 

Figure 10 is a cross-section showing (he Queenston-Chippewa Develop¬ 
ment of the Hydroelectric Power Commission of Ontario, Canada, and Figs. 



Fig. 12. Plan of substructure, Conowingo development, Susquehanna River, 
Maryland. Philadelphia Electric Co. Eastern. 


11 and 12 show the Conow ingo power plant of a subsidiary of Philadelphia 
Electric Company. Figure 11 is a cross-section of the plant, and Fig 12 a 
plan showing horizontal «-ectioiiH of the substructure at various elevations. 

Both the Queenston-Clnppewn and the Connwmgo development use metal- 
caned spiral sol tings in tlieir substructure. Additional wimples of met pl¬ 
eased spiral settings are showm in Figs. 26, 34, 38, and 47 or Chapter 38 anil 
Fig. 17 of Chapter 30. 

Many scroll case*, are now welded instead of riveted as was fonnerlv the 
universal custom. See Chapter 31, '‘Steel Pipe.” 

11. Metal Spiral-cased Settings for Horizontal Units. Horizontal 
metal spiral-eased settings wore formerlv quite popular at all head*, but in 
modem practice they are ronfuied to high heads, and, even there, the verti¬ 
cal metal spiral case setting is replacing them, as indicated by Pit River 
No. 5 plant, Fig. 47, Chapter 38; and Nnnlnhala, Fig. 17, Chaplcr 30. 

Figure 13 shows an example of typical substructure for horizontal units 
with metal spiral casings. By lowering the penstock to provide a vertical 
riser pipe between the penstocks and the spiral casing, the units may be 
revolved about the vertical riser and made to occupy any desired position. 
Tlie arrangement in which the axis of the unit is at right angle's to the center 
line of the penstock, as shown, is the usual one, as it provides for a higher 
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p'an of Bennetts Bridge development, Salmon Rner, New York, Buffalo Niagara Electric Corp. Four units at 10,000 hp 
each, runner double hnn^ntnl Francis with fl> wheel head 240 ft, unit discharge 380 cu ft per second. 
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penstock and usually at less cost. Another example of a substructure con¬ 
taining horizontal metal spirul casing is shown in Figs. 39 and 40 of Chap¬ 
ter 38. 

12. Substructure for Impulse Wheels. Figures 14 and 15 show typical 
substructures for impulse turbines. The details are somewhat less compli¬ 
cated than those for other tyj>es of turbines and are fixed mainly by the 
requirements of turbine and generator builders. No special features of de¬ 
sign can bo discussed in this instance, as the types of installations vary 
greatly according to requirements. Other settings for impulse wheels are 
shown in Figs. 44 and 46 of Chapter 38. 

13. Draft Tubes. Dmft-tubc types, described in Section 20, Chapter 38, 
are usually fixed by the recommendations of fhe turbine manufacturer, who 
furnishes detailed dimensions. The manufacturer is usually willing to con¬ 
form, within certain limits, to the desires of the engineer, in order to meet, 
sfiecial requirements of the substructure design, although it is necessary to 
follow exactly the final dimensions furnished by the manufacturer in order 
that his guaiantees may not be invalidated. 

Most of the advances in draft-tube design have been made by the various 
turbine manufacturers. However, it must lie remembered that it is the 
owner and not the turbine niiinufaeturer who chiefly Ijcncfits from any 
increase in draft-tube efficiency. Accordingly, it is believed that, for large- 
capacity installations, it is often worth while for the owner to go to the addi¬ 
tional expense of making model tests under the particular conditions of the 
proponed installation in order to determine the most economical and efficient 
design. Many tests of various types of draft lubes have been made ["(>, 12J. 

The horizontal splitter in the draft tube sometimes used in large installa¬ 
tions has been found to give a considerable increase in efficiency, as demon¬ 
strated by the Bonneville draft tube shown in Fig. 7 * Vertical splitters in 
draft tubes are also useful in transmitting the load to the foundation. 

In some cases flood waters which without Ihe splitter would pass over the 
spillway have been admitted to the lower part of the draft tube and have 
acted as an accelerator on the discharge from the unit, creating a somewhat 
greater effective head on the unit than it w T ould otherwise have had. 

14. Pipe Galleries and Electrical Conduits. The space in front of 
the turbines and just below the main generator floor, as in Figs. 4, 6, and 7, 
is generally occupied by a continuous gallery from end to end of the plant. 
'Fins gallery usually contains all the piping for the operation of the plant, 
including the piping for the governor system, lubricating oil, water, etc. 

The electrical cable is often also carried in this same gallery, hut is some¬ 
times laid through a separate gallery or tunnel on a ruck in which the cables 
are laid in troughs so that any cable desired is accessible. For convenience, 
it is desirable both to have iuns of conduits laid m the generator floor short 
and to get the cables down into a gallery like tbo one dcscnljed as soon as 

*Kec p. 383, Ref. 6, bibliography of this chapter. 











































SUBSTRUCTURE FLOORS »3 

practicable. The subjfrt of conduits and ducts is full\ covered in Section 19, 
Chapter 42. 

I®* Ventilation. The ventilation requirement* of generators, discussed 
in Section 9 of Chapter 41, frequently need attention in the design of the sub¬ 
structure. 

16. Remarks on Details. Certain rules for detail of design to safe¬ 
guard the powerhouse operations are mandatory in some states. Copies of 
these rules pertaining to fire doors; details of stairs, ladders, and walk¬ 
ways; clearances, railings, and similar items may be obtained through the 
insurance companies. They contain many valuable suggestions. 

Oil tanks should be placed in the basement or buried underground. They 
should be capable of being drained into the tnilrare by the operation of a 
valve which would be accessible in case of fire. 

Data on the generator torque should lie obtained from the manufacturer. 
Provision should lie made to prevent twisting of the generator if it is sup¬ 
ported on a high concrete barrel, and to prevent overturning of a horizontal 
generator if it is not firmly nnehored to solid foundation. 

The substructure should always bo made entirely fireproof. The provision 
is frequentty an economy in view of resultant lower fire insurance rates. 
Small doors and windows may be of wood, provided they are not adjacent 
to apparatus which is likely to take fire. 

All small pieces of apparatus should be placed on concrete pedestals about 
6 in. high, both to improve their appearance anil to prevent possible damage 
by water on thr floor. 

17. Substructure Floors. It is general practice to stop the concreting 
of the substructure a font or so short of the finished level of the main floor 
(generator floor of the powerhouse) to facilitate the placing of the many con¬ 
duits or ducts always required here. After all the conduits and duets called 
for by the plans have liecn placed, concreting may be completed to the fin¬ 
ished grade of Ihe floor. Usually the concreting is not completed until after 
all heavy equipment has been placed in final position so as to avoid injury 
to the floor. For completing this floor as well as any other, it is important 
thnt stiff concrete should lie used, a- wet concrete often results in dusty and 
unsound floors. 

A terruzzo finish for the main floor gives an excellent, hard, permanent 
surface. The difficulty wilh this type of floor, however, is that it must he 
placed while work goes forward on generators and other equipment, and 
that the necessary grinding required to lay it produces an objectionably large 
amount of dust. 

It is worth while, merely from the standpoint of presenting a good appear¬ 
ance, to spend a little extra time and money on the generator floor. Clay 
Ule, rubber tile, and linoleum tile all have been successfully used and all 
look well. The tiling is frequently carried up the inside wall*? above head 
height, adding materially to the api»earance. 
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For huillIL or inaccessible plants whore coat must tie kept to the minimum 
for basement anil gallery floors and galleries, expensive floor finishes are 
seldom used. Utility is the main consideration. The floors must be as dust 
free as possible, for concrete dust is an enemy of all revolving machinery. 
Various proprietary hardeners have been used successfully. 

It is entirely practicable to produce an almost dust-free floor by the fol¬ 
lowing method: Stop the concreting V/j in. short of final grade. Clean oft 
thoroughly, and roughen the old concrete surface. With the surface entirely 
dean and moist, place a top coat consisting of 1 part Portland cement and 
2 parte* clean quartz sand, placed as dry as one would place mortar, in a test 
briquette mold in the laboratory; screed and ram this very stiff mortar into 
place, and finish without any wetting or any dusting wnh dry Portland 
cement. No hardening compound is necessary in such a floor. Even paint¬ 
ing wntli a suitable concrete floor paint to keep the floors from dusting will 
not be necessary for many years if the work is properly done. On floors 
placed of ordinary concrete and with ordinary workmanship, frequent paint¬ 
ing is necessary to prevent them from dust mg. 

18. Provisions for Dewatering Scroll and Draft Tubes. Usually 
scroll cases are above tailwater elevation and may be ilcwateied by drams 
of ample size. Sometimes, especially in small plants, no special provision 
for unvwitermg the draft tubes is made, the designer assuming that, when 
and if the operator desires to unwater the draft lube, lie will find some way 
of placing a pump lielund the tailracc piers. However, in all large-capacily 
substructures and, the authois lieheve, in most small ones, special provision 
should be made for entirely dewatering the draft tubes wilhout too much 
inconvenience. 

There are many Mays ol accomplishing the*. One way is to have each draft 
tube dram to a valve on a tee, which connects to a pump-header line de¬ 
signed to take water from the bottom of the diaft tube. The header con¬ 
nect*- to duplicate pumps which take the water and raise it to discharge 
above the tailraee elevation. Vertiral-^haft centrifugal pumps with the motor 
situated above tailwater level are suitable for this service. In determining 
the capacity of the pumps, allowance for very heavy leakage past or through 
tailraee stoplogs or gates should be assumed because it frequently turn** out 
that such leakage is far greater than the designer anticipated, necessitating in 
some cases costly delays and even the installation of temporary supple¬ 
mentary pumps each time the draft tubes are dewatered. A compressed-air 
connection to the draft tube should always Ik? provided where the turbine 
runner is below tailwater elevation. The compressed air, in such cases, may 
be used for depressing the water level in the draft tube so that the unit may 
be used as a synchronous condenser without the runner encountering re¬ 
sistance from the churning up of the water. 

10. Sump in Substructure. Every substructure should coutuin a siunp 
to which all seepage and lenkuge drains. From this sump the water is 
pumped and discharged above tailwater elevation. Vertical-shaft centrifugal 
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pumps with the motor located well above the highest water level are suitable 
and should be provided in duplicate at least. Sometimes there should be two 
pump**, each capable of taking maximum estimated seepage, plus two other 
pumps of much larger capacity designed to take the water out of the plant 
within 24 hr if the plant gets flooded. 

Expensive accidents have occurred that could have been avoided had the 
designer adopted such simple and relatively inexpensive expedients as the 
above. 

20. Tailrace Piers, Gates, and Stoplogs. In order to permit the un- 
watering of the draft tubes, tnilrace gates or stoplogB are necessary at the 
exit of the draft tubes. Tailrace piers are generally necessary to support such 
gates nnd stoplogs, anil some means of operating ’them must generally be 
provided. Sueh gate** and stoplogs are similar to those provided at intakes, 
and the reader is referred to Chapter 27 on in lakes for a discussion of their 
design. There is one important difference, however; whereas it is necessa r y 
to operate intake gates very frequently, tailrace gates or tailrace stoploi.s 
arc operated only when the draft tube is unwatered for repairs or inspection 
purposes. As this seldom happen* more than once a year, it follows that 
it is economical to use equipment which is much less cx])ensive and which 
require* a much longer time to place. 

It is necessary to provide tailrace pier* with sIot* for containing the gates 
and stuping* With large-capacity units, there are inually *cver:d of the*e 
tailrace pier* per unit. They generally project into the draft tulie quite a way 
and perform the additional function of helping to support the load of the 
structure and shortening the span that would otherwise be necessary* Tail- 
race piers are shown in Figs. 2, 3, i, 5, fi, and 7 of this chapter. 

If the span between tailrace piers does not exceed about 1(3 ft, creosoted 
wooden stoplogs are entirely suitable, as pointed out in Section 30, Chap¬ 
ter 27. Wooden stoplogs generally have to be jaeked into place, and this 
can Ik? greatly facilitated by providing anchorage in the piers as illustrated 
in Figs. 05 and 06 of Chapter 27. 

In a plant with large-capacity units, the spans between piers are often 
too great for timber stoplogs, and, accordingly, steel stoplogs or section- 
alizcd steel gates are used. Only enough stoplogs are provided for closing 
of one draft tulie at a lime. 

With large units, as in Figs. 4, 5, 7, and 12, it is necessary to deck over 
the tailrace piers and to provide a track with a light crane to handle the 
steel stoplogs or gate's and also such tools and material as may be required iu 
dewatered draft tubes. 

21. Dimensions and Volume of Substructure. Fot preliminary de¬ 
sign and estimating purposes, the dimensions and volume of any proposed 
substructure may be approximately determined in the following manner. 
Obtain the diameter and elevation of the units m relation to tailwnter by tho 
methods outlined in Sections 9 to 16, inclusive, Chapter 38. Section 20 in 
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l Chap. 361 


Chapter 38 discusses the form and dimensions of the runners. Figures 15, 
18, 20, 30, and 42 of Chapter 38 are the principal ones used for determining 
substructure dimensions. A working bay of about the some size as the 
space required for one unit must be added, and, if house units are to be 
used, additional space must be provided for excitation. Then, having the 
approximate over-all dimensions of the power plant substructure, determine 
the gross volume. Multiply this gross volume figure by 0.6 and thus deter¬ 
mine the approximate number of cubic yards of concrete that will be re- 
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Approximate concrete in powerhouse substructure for various heads. 

Fig. 16 . Approximate concrete in powerhouse aulistrurllire for various heads. 

quired for the ]>owerhouse substructure. This method ih rough, and precise 
enough only for the first preliminary estimate. Another method is indicated 
in Section 22. 

22. Quantities for Substructure. In addition to the above method, 
one may estimate for preliminary purposes the amount of concrete in the 
proposed power plant from the actual content of existing plants of similar 
unit capacity, head, and speed. The amount of concrete in a powerhouse 
substructure varies greatly from one plant to another, so that it is most 
diflicuK. to apply an adequate empirical rule for preliminary estimation of 
quantities. 

As an aid to the estimator, concrete quantities for a large numlier of typical 
plants have been given in Table 1. Here are listed, in order of increasing 
heads, concrete quantities for plants with proj>eller-type units, Francis-type 
units, and imjralse-type units. 

The quantities shown in Table 1 are plotted in Fig. 16, using the ratio of 
cu vd/hp per unit as the index of volume of concrete. This is the most 
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adequate method of exprenmiig a definite rela tionnliip. The two main con** 
^derations are given us (a) substructure including intake, (6) substructure 
without intake. The two curves represented are based on Table 1. 

Example of the use of Fig. 16 is shown in Table 1, pages 778-781. 

Assume that the gross head is 80 ft, that the size of units is to be 5000 lip, 
and that there will be four units. In the course of making a preliminary 
estimate, it is desired to know approximately how much concrete there will 
be in the substructure of the proposed powerhouse, assuming that substruc¬ 
ture will include intake. 

Using Fig. 10, it is found lhat 80-ft head corresponds to an ordinate value 
of 0.54 on the substructure including intake curve. This is a purely mathe¬ 
matical ordinate equal to the cubic yard 1 *, divided by the horsepower. There- 
iore, in our case: 


= 0.54 from which cu yd - 2700 

ouuu 

or each 5000-lip unit will require 2700 cu yd of concrete in its sulntructure. 
As there are to be four units, and the erection bay will occupy about the 
space of one unit, the approximate total concrete required for the substruc¬ 
ture (including intake) of such a plant is 5X^700 - 13,500 cu yd. The 
results obtained are rough and uncertain, being applicable only to the pre¬ 
liminary estimate 

At the exiienditure of much more tune, an experienced engineer can, by 
utilizing the method given in Section 21 and by giving consideration to foun¬ 
dation conditions as well as to tailwater conditions, make a more certain 
estimate ot excavation and concrete required for a proposed jHjwprhouse 
substructure. 


NOTTS (for table 1; 

1 Redevelopment. 

2 Intake excavation — 4280 cu >d 

3 Addition to eluting powerhouse 

4 Installed in muting building 

5 Building (.pare inrludes nil habitable njiara within substructure plus the pon volume of the superstructure. 
Plant dcmimed and ennstrueted to Engineering and Construi tion Department of Tennessee Valle) Authority. 

8 Hunt fanned and romlructed b> the Safe Harbor VI atrr Fowtr Corporation. Icitakra for 12 units - 70,808 . 
i u yd Hulutruoture for 7 units - 68,891 cu yd Total - 139,287 cu yd Ultimate 12 units - 610,000. 

7 Hemi-outdoor installation 
8. Inrludes turbine foundation. 

9 Intake escalation -■ 388,740 ou >d 

10. Plant designed and ronstrurted by the U. B Bureau of Reclamation. 

11. Plant demgned and constructed to Stone A Welwter Engineering Corporation 

12 ! Data supplied by the Philadelphia Electric Company, designed and constructed by Stone k Webster Engineering 
Corporation. 

13. Plant designed by J G White Engineering Corporation 

14 Originally designed by the J G. White Engineering Corporation, plants now inoorporated In tbs Tenues** 
Valley Authority s&stam 

18. Designed by Chas T. Mam, Inc- 
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“Refer¬ 

ence 

Num¬ 

ber 

Plant Name 

Stole 

Year 

Built 

Head on 
Plant, ft 

Total Up 
of Plant, 
thounanda 

Num¬ 
ber of 
Unita 

HpKarh 

Turbine, 

thousands 

Kva Kadi 
Generator 

1 

Lake Doris 

Net it. 

1030 

10 

0.3 

1 

0.3 

0.25 

2 

Siphon Drop 

Ana. 

1025 

13 

2.2 

2 

1.1 

1.0 

3 

Tomahawk 

Wine. 

1037 

15.5 

8.6 

2 

1 0 

1.7 

4 

Taftavillo 

Vt. 

1043 

20 

0 075 

1 

0.675 

0.625 

fi 

Kelleys Falla 

N. H. 

1025 

21 

1.5 

1 

1.5 

1.250 

6 

EudmIiutk Falla 

vt. 

1044 

21 

0.800 

1 

0.80 

0.75 

7 

Merced Falla 

Calif. 

1030 

27 

4.2 

1 

4.2 

4.0 

B 

Milters Falla 

Maas. 

103R 

30-32 

1.5 

1 

1 5 

1 25 

9 

Hoanoke Rapids 

N. C. 

1024 

30 

3 2 

1 

3 2 

3 0 

10 

Chippewa Falla 

Wise. 

1028 

20.6 

30.0 

li 

B 0 

4.5 

11 

(Samoa Falla 

N. U. 

1025 

30 

8.2 

II 

W 

.1 5 

3.0 








4.7 

4 0 

12 

Hock Island 

Wash. 

1933 

32 

B4.0 

4 

21 0 

lb. 667 

13 

Huntersville 

Ala. 

1939 

36 

102.0 

H 

34.0 

27 0 

14 

Chiokamuiuta 

Tenn. 

1940 

36 

106.0 

3 

36.0 

30.0 

15 

Ohio Falla 

Ky. 

1927 

37 

170 0 

8 

15.0 

12 55 

10 

Darka Falla 

Vt. 

1937 

41 

4 0 

1 

4.0 

3.5 

17 

Pickwick 

Tenn. 

1038 

43 

102.0 

4 

48.0 

40 

18 

l*ark Station 

Vo. 

1940 

4(1 

3.88 

1 

3.88 

3.0 

10 

Kentucky 

Ky. 

1044 

48 

220 

A 

44.0 

35 0 

20 

Wheeler 

Ala. 

1036 

4B 

180.0 

4 

45.0 

36 

21 

Hardwick 

Vt. 

1937 

| M 

1.05 

1 1 | 

1 1.050 

1.0 

22 

BlarkLaide 

Mont. 

1927 

50 

27.0 

3 1 

j 0.3 

! 7.0 

23 1 

Watts Bar 

Tenn. 

1042 

52 

210 

5 

1 «.0 , 

i 33-3 

24 

Safe Harbor 

Pu. 

1031 

55 

207 5 

7 1 

1 42.5 

1 80 ru yd 




1 

1 

| 

1 

1 

1 


1 

1 

1 I 

1 1 

' 311.0 

1 25 cu vd 

1 37.50 

25 

Tort Loudon 

Tenn. 

1043 

05 | 

88 | 

1 2 1 

44 0 

35.6 

26 

Erickson 

Nebr. 

1030 

10 1 

0 51 

1 i 

0.51 

0.438 

27 

Iron Mountain 

Mich. 

1923- 

30 

0.6 

3 

3.2 

3.0 




1024 


i 

' 



28 

Bed Bruise | 

Milan. 

1033 

40 

3.0 1 

1 

3.0 

2.25 

20 

Middkwa 

U. 

102B 

50 

4.8 

2 

2.4 

2.0 

30 

Black Pan yon 

Ida. 

1024 

77 

12.0 

2 

0.0 

5.0 

31 

Parker 

Ani.-Calil. 

1030 

77 

160.0 

I 4 

40.0 

30.0 

32 

Coiuiwiugo 

Md. 

1028 

80 

378.0 1 

7 

54 0 

40.0 

33 

Pilot Butte 

Wye. 

1020 

90 

2.4 j 

2 

1.2 

1.0 

34 

Oaage 

Mo. 

1031 

00 

160.0 

0 

30.0 

23.888 

35 

Grandfather Falla 

Wine. 

1038 

01 

23 0 

2 

14,7 

13.75 








8.35 

7.85 

80 

Milton 

Vt. 

1020 

05 

4 5 

1 

4.5 

3 75 

37 

Douglas 

Tenn. 

1043 

100 

83.0 

2 

41.5 

33.3 

38 

Cherokee 

Tenn. 

1042 

too 

83.0 

2 

41.5 

33.3 

30 

Bartfcttn Ferry 

Ga. 

1026 

1 

112 

i 

44.0 

2 

! 

22.0 

18.75 
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tibb op Various Typical Hydro Plajvts 
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Unit ! 

(/on crete 

Inch in 
Sub¬ 
structure 
or is it a 
Separate 
tjtrur- 

Thousands 

Thouauida 



Type of Turbine 

Turbine 
Rpm 1 

i 

Dib- I 
I charge, 
ru ft per 

1 second 1 

I 

in Sul>- 
atrurturr, 
thoiuoiids 
ru >d 

ru n 

Spore in 
Super¬ 
structure 

Cu Yd 
Excavation 
for Power¬ 
house 

Excavation 

Tailraoe 

Notes 





tare? 

1 


, 



IVnprllrr 

I 

104 

300 

0 05 | Hejmmte 

4.0 



1. 11 

Propeller 

, 112 fi 

BH7 

2 40 | Included 

58.0 

9 MS 

2.772 

2,10 

Propeller 

| 120 

1,300 

2 70 , 

Inrludcfi 

09.0 

' 2.8 

Inrluded in p h. 


kalian 

i 257 

37" 

0 242 

Seporatr 1 

6.0 



8.15 

Propeller 

1 1S ° 

720 

0 73 

nruaratc 

18 0 

0.24 


11 

Kaplun 

1 225 

452 

0 27 

Iniludrd 


0 442 

3 350 

4.15 

Proix'ller 

| 12H.6 

2 010 

1.5 

Included 

None 

2.3 



Kaplun 

1 277 

4M> 

0 435 

Separate 

17 9 

0.70 

0.1 

15 

Propeller 

lh4 

1,050 

1 35 

nepai ate 

30 0 

4.8 

Inrlud-d in p h 

11 

Pioprller 

m fi 

1 1 750 

15 0 1 

Iur laded 

45U 0 

lfi.O 

43 0 


Pro[M Hit 

IfiO 

1.1R0 

2 55 

Included 

60 0 

1 3 


1.11 

Profiler 

1»R fi 

1 570 







IIu k1 adj. prop. 

100 1 

1 7 000 

114 0 | 

Include d 

380 0 

110.11 

70 0 

11 

Kaplan 

011 2 

0 800 

84 1 | 

liu ludid 

2,350 0 

194 22 

Tin hided in p h. 

5 

Kaplan 

75 

10 700 

142 0 

Included 

2,570 0 

101 152 

Included in p h 

5 

Pr»iM ller 

100 

4 SOU 

RU U i 

luclailrd 

1,478.0 

150 0 

Included in p h 


k. )1 in 

240 

1 01*0 

1 4b 

^inrule 

38.3 

1 32 

4 5 

15 

k.ijriiii 

R1 S 

11,200 

IbU 2 

heparate 

3,070.0 

1 688 0 

Inrluded in p.h 

5 

Motor adj prop 

257 

B50 

1 13 i 

I 

1 

i Separate 

I 

1 

Outdoor 

generator 

2.8 

3 1 

11 

Kaplun 

74 3 

0,000 

1R7 0 1 

1 Included 

1,745.0 

444 408 

Included ui p.h 

5 

1 iv mI prop 

Rfi 7 

0,200 

134 0 

^'lurati 

1,750.0 

25b .117 

Included in p b 

5 

l 1 ! lipollcT 

514 

21(> 

0 158 

Sciairate 


0 U 

O 209 

4.15 

P« iipellrr 

180 

1,880 

8 22 

Include d 

351.9 

b 0 

47.19 

15 

Kaplun 

94 7 

1 8 300 

1 102 1 

1 Included 

1,075.0 

95 233 

1U1 B97 

3 

1 00 ru >*l 
| 104 1 

H 800 

151 3 

inrluded 

4 314 0 

142 100 

182.431 

6 


Kaplan 

I 25 fii \ ri 

1 100 

1 

1 


l 

! 




Kaplan 

1 105.R 

fi 700 

1 119 7 , 

, Inrluded 

028.0 

92 149 

22 613 

6 

1 ranris 

1 180 

270 

0.10 

Separate 

15.0 

1 0 

4.400 

11 

J< ration 

120 

1,070 

1 5 9 

1 

Included 

330.0 

3 9 

1.800 

I! 

I'ranna 

150 

075 1 

1 06 

Ineludrd 


0 40 


4,15 

rVnnvifl 

200 

485 

1.217 

SriHuatr 

49 4 

0 RM 

1 929 

15 

Vramii 

225 

BOO 

0 214 

Separate 

60 0 

3 268 


10 

Franrn 

04 7 

5,250 

1 50.0 

Separate 

800 00 

71.405 

. 

10 

Fran ns 

81 8 

6,320 

194 8 

Included 

5,894 0 

115 0 

193.20 

12 ' 

J ranns 

514 

146 

0.427 

Heparatr 

19 0 

14 30 

Pmb. inrl tad- 

10 




I 



rnce and fore- 
boy exnv. 



Fnuim 

112 5 

3 300 

170.0 

Inrluded 

800.0 

66 0 

31.0 

7,11 

Frftnns 

180 

1 050 

2 1 

Separate 

90.0 

2.3 

Included in p.h. 


200 

940 







Fnuicis 

277 | 

495 

0 708 

Separate 

88 5 

0.37 

3.38 

15 

1 run fib 

04.7 

4 400 

53.6 

Separate 

900 0 

32.734 

26.68 

5 

Francis 

04 7 

4 400 

59.8 

Separate 

900.0 

37.056 

21.807 

fl 

Fromm 

150 

2 000 

6. B 

Separate 

326 0 

10.0 

10.0 

i _ . 

11 


77ft 
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CONCHKTB, STRUCTURAL, AND PHYHICAL QuANTI 


PbatNan* 

State 

1 

Head on 
Plant, ft 

Total Hp 
of Phot, 

Num¬ 
ber of 
Unite 

Hp Each 
Turbine, 
thoumnde 

KvaEach 

Generator 


Swingiug Bridge No. 1 

N. Y. 

1028 

124 

6.0 

1 

6.B 

6.26 

Swinging Bridge No. 2 

N. Y. 

1038 

124 i 


1 

0.5 

7.5 

Elephant Butte 

N.M. 

1088 

183 


3 

11.5 

9.0 

Newport 

Vt. 

1006 

13fi 

4.8 

2 

2.4 

1.875 

Hook Inland 

Tenn. 

1024 

142 

22.2 

1 

22.2 

18.76 

Blue Ridge 

Ga 

1028 

165 

20.8 

1 

26.8 

25.0 

Nome 

Tran. 

1936 

18fi 

182.0 

2 

66.0 

56.0 

BuDerd'e Bar 

Calif. 

1024 

166 

10.0 

1 


8.1 

Semin oe 

Wyo. 

1036 

168 

45.0 

mm 


12.0 

Rio Devebpment 

N. Y. 

1927 

170 

14.0 

■9 

K 9 

6.25 

Saluda j 

S.C. 

1030 

180 

220.0 

4 

55.0 

40.625 

Green Mountain 

Cob. 

1039 

IBS 

30.0 

2 

15.0 

12.000 

Hjwamec 

N. C. 

1040 

100 

§0.0 

1 

80.0 

64.0 

(Men 

Ifauador, S. A. 

1036 

106 

1.2 

2 

0.6 

0.563 

Hat Creek No. 2 

(Mir. 

1021 

108 

15.0 

1 

15.0 

12.5 

Baker River 

Wash. 

1927 

216 

48.8 

2 

24.4 

10.5 

Hat Creek No. 1 

(Mir. 

1021 

217 

15.0 

1 

15 0 

12.5 

Melonea 

(Mir. 

1027 

230 

35.H 

2 

17.0 

13.5 

Narrows 

CMif. 

1942 

240 

13.5 

1 

13.5 

11.0 

Halt Springe 

Calif. 

1931 

344 

13 5 

1 

13.5 

11 0 

Kern Canyon 

Calif. 

1021 

262 

12.0 

1 

12.0 

10.6 

Ocoee No. 8 

Tenn. 

1943 

280 

33.5 

1 

33.5 

30.0 

Pit No. 8 

(Mif. 

1026 

31fi 

00.0 

a 

33.0 

27.0 

Hpaulding No. 8 

Calif. 

1020 

318 

B.O 

l 

B.O 

7.0 

Fontana 

N. C. 

1944 

330 

183.0 

2 

91.5 

75.0 

Grand Coulee, Left 








Powerhouse 

Wash. 

1041 


000.0 

6 

150.0 

108.0 

Shasta 

(Mif. 

1944 


206 0 

2 

103.0 

75.0 

Spaulding No. 2 

Calif. 

102B 


5.3 

1 

5.3 

4.2 

Mollyfl Falla 

Vt. 

1026 

|9 

7.0 

1 

7.0 

6.25 

Apalaohia 

Tenn. 

1043 


106.0 

2 

63.0 

40.0 

Huango 

Ecuador, B. A. 

1039 

■9 

2.1 

3 

0.7 

0.625 

Pit No. 1 

Calif. 

1022 

M5M 

80.0 

2 

40.0 

35.0 

Hoover 

Aris.-Nev. 

1936 

475 

1,880.0 

12 

115.0 

82.5 




465 

65.0 

1 

65.0 

40.0 

Prospect No. 2 

Ore. 


600 

46.8 

2 

23.4 

20.0 

Pit No.fi 

Calif. 


630 

200.0 

4 

50.0 

40.0 

Dutch Flat 

Calif. 


643 

29.0 

1 

20 0 

27.5 

Prospect No. 3 

Ore. 


693 

10.0 

1 

10. n 

0.0 

Pinnacles Dev. 

Va. 


700 

13.5 


4.5 

8.75 

Caribou 

(Mif. 

1021 

1,140 

90.0 


30.0 

22.22 

Phoenix 

Calif. 

1040 

1,187 

2 a 


2.3 

2.0 

Tiger Creek 

Calif. 

1031 

1.21B 

72.0 

■'jgW 

36.0 

30.0 

Spring Gap 

(Mif. 

1021 

1.865 

9.5 

■ 1 

9.5 

7.5 

M Dorado 

Calif. 

1024 

1,010 

28.0 

■ 

14.0 

12.5 

Batch 

(Mif. 

1027 

2,836 

40.0 

■~T 

40.0 

33.0 

Bucks Creek 

(Mif. 

H 

2,562 

70.0 

B 

35.0 

25.0 
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Continued 


TIER OF VARIOUS TYPICAL HyDEO PLANTS 


Type of Turbine 

Turbine 

Hpm 

Unit 

Duk 

dtarne, 

euflpcT 

■connd 

Conirete 
in Rub- 
etruoture, 

ou yd 

Is Intake 
IndL in 
(Sub¬ 
structure 
or is it a 
Separate 
Struc¬ 
ture? 

Ou Ft 
Spaeein 
Super¬ 
structure 

Tbouamds 
Cn Yd 
Excavation 
for Pmwr- 

Utousands 

On Yd 
Excavation 
Tailcone 

Notes 

Fruuii 

800 

570 

0.805 

Separate 

42.8 

1.0 

0.8 

15 

Francis 

240 

1,014 

0.0 

Separate 

47.8 

1.2 

1.5 

15 

Frauds 

257 

BOO 

5.572 

Included 

177.0 

20.865 

. 

10 

Fronds 

350 

1B7 

0.600 

Separate 

38.4 

0.68 

l.B 

15 

Fronds 

164 

1,700 


Separate 




14 

Fronds 






14 

FranciB 

112.fi 

4,300 

22.4 

Separate 

1,155.0 

106.577 

Included in pih. 

5 

Fronds 

2S7 

660 

0.4 

Separate 

50.0 

1.4 

0.0 


Francis 

225 

BOO 

13.041 

Included 

815.0 

86.048 


10 

Francis 

360 

880 

1.475 

Separate 

70.1 

l.B 

7.5 

15 

Frauds 

13B.fi 

3,200 


Separate 

738.0 


. 


Fronds 

257 

815 

4.5 

Separate 

105.0 

06.0 

13.704 

10 

Franris 

120 

4,300 

0.2 

Separate 

800.0 

16.6B2 

18.407 

5 


1 200 

38 






15 

Francis 

225 

000 


Separate 

124.7 


. 


Fronds 

300 

1,100 

8.1 

Separate 

1,818.0 

56.0 

4.7 

11 

Fnuicii 

225 

600 

1.400 

Separate 

121.500 



8 

Fronds 

277 

810 

0.000 

Separate 

842.0 

2.3 



Francis 

300 

790 

1.57 

Separate 

102.0 

6.0 

Included in p.h. 

B 

Francis 

300 

686 

1.07 

Separate 

210.0 

18.05 

0.6 


Francis 

257 

720 

0.81 

Separate 

150.0 

4.8 


a 

Francis 

200 

1,200 

5.4 

Separate 

358.0 

5.2 

24.048 

5 

Fronds 

225 

1,130 

2.2 

Separate 

573.0 

10.2 

29.4 

8 

Inoou 

450 

270 

0.050 

Separate 

124.0 


. 


Frjnais 

150 

2,880 

20.4 

Separate 

1,506.0 

16.648 

243.4 

5 

Francis 

120 

4,615 

204.4 

Included 

3,700 

2.000.0 

1,500.0 

10 

Fronds 

138.5 

3,200 

5H.0 

Separate 

1.700 

304.6 

. 

10 

Frauds 

300 

1B5 

0.1 

Separate 

42.5 

0.215 


B 

Francis 

000 

210 

0.45 

Seiarete 

32.0 

0.05 

None 

15 

Francis 

225 

1,500 

0.0 

Separate 

571.0 

0.036 

0.322 

5 

frauds Horis. 

1.200 

20 

0.83 

Separate 


1.7 


13 

Fronds 

257 

060 

1.05 

Separate 

465 0 

14.2 

111.1 

8 

fraucis 

130 

2,530 

100.90 

Separate 

4,000.0 

402.2 


0,10 

francis 

257 

1,150 







Francis 

514 

400 

4.4 

Separate 

144.0 

6.0 

2.2 


Krancu 

300 

B75 

14.5 

Separate 

000.0 

06.0 

Included in p.h. 

B 

Francis 

400 

475 

3.6 

beparate 

233.0 

50.5 

Included In p.h. 

8 

Fronds 

750 

150 

0.65 

Separate 

30.0 

0.70 

No toilraac 


Impulse 

450 


0.462 

Separate 

86.4 

1.B54 


15 

Impulse 

171.4 

850 

4.7 

Separate 

900.0 

11.5 

50.0 

8 

Impulse 

514 

24 

0.1 

Separate 

86.0 


. .. 


Impulse 

225 

350 

1.27 

Separate 

455.0 

4.79 

15.5 


Impulse 

514 

65 

0.10 

Separate 

05.0 

1.2 

0.150 


Impulse 

800 

02 


Separate 

104.0 

... 



I 

360 

230 


Separate 

220.0 




Impulse 

450 

185 


Separate 

160.0 

i ■ 
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POWERHOUSE SUBSTRUCTURE 


I Chap. 36 J 


23. Tailrace, The tailrace is a much-ueglected feature of the hydro¬ 
electric development. Engineer* sj»ciid a great deal of time, money, and 
effort in obtaining a highly cffirienl intake, scroll cu.se, and draft tulic, but 
when it comes to the tailrace, it is often dismissed with an ossmiiption as to 
the elevation of tailwatcr under operating conditions made on the basis of 
entirely inudequntc data. The frequent result is that head is lost which 
might have been obtained nt very low cost if an adequate investigation and 
study had been made in advance of construction. 

At any site where a plant is being considered, a careful study of tailrace 
conditions should be undertaken. The first step is to have records showing 
the discharge at different elevation* of tailwatcr. Usually a number of down¬ 
stream gage* should be established as they may show the presence of pro¬ 
jecting ridges which influence tail water elevation at the propos'd plant. On 
many sites, ar- where the proposed tailrace occupies a portion of the river 
bed, model studies may be necessary in order to determine jiwt where and 
how much excavation is economically desirable for the tailrace. Sometimes a 
dividing wall between tailrace and river will materially increase operating 
head. Every tailrace is a special problem in itself, and for many projects 
hydraulic model studies should be made and should fnim the buris for dtsign 

For a hydroelectric development alicady in service, wlieic the difference in 
tiulwater elevation with plant shut down and at full plant discharge is ex¬ 
treme, the tailrace conditions should lie investigated, .is the possible gain in 
bead by tailrace improvement is sometimes economically advisable. 

Sometimes an uneconomical amount of work is done in streamlining (lie 
tailrace. For instance, the discharge from the draft tube is often at ail eleva¬ 
tion fur below the bottom of the river Somelimes, in an effort to stream¬ 
line the tailrace and obtain minimum operating elevation of tailwater, the 
designer liar* transposed the tailrace from the draft tube exit up to the naluial 
river bottom in u very gradual slope, the upgrade being m some eases as low 
as 1 vertical on 20 horizontal, at a cost of many thousands of cubic yard* of 
rock excavation. Practically nothing is gamed bv «uch a procedure, and 
there is generally no sense in making this upgrade flatter than 1 vertical on 
6 horizontal. Model tests have verified Ibis conclusion (see also Section 20, 
Chapter 38). 

24. Degrading Tailrace. When the river contains a large amount of 
alluvial or glacial deposits of appreciable depth, the construction of a dam 
and power plant tend* to degrade the river 1k»1ow the plant for a long dis¬ 
tance or to the next control point downstream. That is, the operating 
elevation of tailwater tends to become lower and lower throughout the years. 

This degradation is due principally to the fact that the structures shut off 
the supply of dcfKwitH from the* river downstream from the dam, but the 
river continues to erode. Sometime* the degrading has gone so far thai the 
draft tubes are unsealed, and then a tailrace dam may have to be constructed 
to keep the tailwater up to a point where draft tubes will stay sealed. A 
proper investigation and sludy in advance of construction will generally re- 
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veal whether the bed of the river will degrade ufter the construction of the 
dam. If it is found that it will, the unilb and the draft tubes should be wt 
low enough so that llie degrading will increase the operating head thus 
increase the value of the plant in Juiuiv years. 

26. Regrading Tailrace. There urr many tail races which accumulate 
deposits resulting in higher o]uniting tnilwulcr and a decreased head on the 
plant. These deposits must l>e removed at considerable cost or the plant 
suffers a permanent loss of value due to decreased head. Such deposits are 
often causei 1 bj’ locating the spillway so that it discharges into the tailrace 
or a short distance downstream from it, depositing the material eroded near 
the toe of the dam in the tailrace, 

Sometimes designers, in an effort to get minimum first cost, utilize a saddle 
spillway which discharges into the river nut far below the plant. Erosion 
below such a saddle spillway \t> often extreme, and large manses of rock are 
frequently deposited in the tailrace therefrom. Iu such cases within the 
experience of the author* the operating head has been decreased ns much a* 
5 it by floods over llie .saddle spillways, and, although expensive exeavalion 
has boon undertaken, the lo-,t head has not l>een entirely regained. Much 
can be done to avoid such conditions by the use of pro]x*r design. Tt is be¬ 
lieved that a saddle for a power dam should usuallv lie avoided. However, 
if the point where the discharge from Ihe Middle spillway reaches the river 
is sufliciently far downstream, the very large resulting ileiuisit of debris and 
rook may not affect the elevation of powerhouse tailwater. 
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CHAPTER 37 


POWERHOUSE SUPERSTRUCTURE 

By Joseph H. Gcmdolfo * 

I. General Conditions. The primary filiations of the superstructure of 
any ]Miwprhausp are to shelter and protect the machinery and oiierators and 
to provide facilities for handling the equipment. 

The layout of the power-plnnt equipment, including turbines, generators, 
exciters, switchboard, oil switches, anti other auxiliary machinery, and some¬ 
times high-tension transformers, determines the general over-all dimensions 
of the building. The height of a fully enclosed superstructure genendly de¬ 
pends on the clearance which the traveling crane requires to handle the 
largest pieces of equipment and carry them over the other machinery while 
in ojieratioii. If, however, the head gates are located inside the powerhouse 
and are lifted by the crane, they may l>e the controlling influence for the 
height of superstructure. 

The following is a list of the usual equipment for which the superstructure 
mu-t provide space, hut not till powerhouses require space for all these items: 

1. Main generating murhineiy. 

2. Turbine go\emors, pumps, and tanks. 

3. Motor-genenitor sets, exciter*. 

4. Compressed-air equipment. 

5. Water-supply pumps for river water and filtered water, and n filtration plant 
if rner water is a source of drinking-water supply. 

6. Switchboard and low-tensmn switches and buses 

7. nigh-tension transformers and switches (if m Ihr building). 

8. Storage batteries. 

9. Transil-oil tanks with centrifuge, filter and pumps. 

10. Telephone and radio equipment. 

II. Lubricating-oil tanks with fillers and pumps. 

12. Elevators and hoists (if plant is large). 

13. Locker rooms and wash rooms. 

14. Operating and engineering offices. 

15. Machine and carpenter shops. 

16. Storeroom (stork room for small parts) and sufficient space for dead storage 
of lurgc spare parts. 

17. Fire-fighting apparatus (fixed and portable). 

18. In cold climates, boiler room for building heating und ice melting. 

19. Test room with facilities for oil, water, routine, and sjiecial tests. 

♦Civil engineer and architect, Montclair, N. J. 
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Space must ilso bo punidod on the mam floor, at one end of the building, 
for handling and disinintlmg the michiner) Hus spice, which hliould be 
at the entnnee to the powerloube, is oidintiily spoken of as the working 
bay (See Chapter 36 ) 

It the substrurtuie includes a basement, less space will be tequired on the 
mini flooi, is some of the kt^used au&iliar) equipment ran be loratcd m 
the basement 



lit 1 C'tosh-jsc ition Biker Rnti pnwiihtmsc 
PiiM • *sound Puwu mil light Co I wo units 
48 600 lip 210-it lit id *00 ijun 6600 Mills U N 

\ol 87, p 548) 


Hikci Rncr Wishing! on 
it 21300 hp tot il up wits 
Robinson Elutrifnl World 


It is frequently nertssiiv to prmuk m til or h m-to on the mun building 
to ol.tun sullitlent spue foi the swdihboird ind switches In sonic 1 mrp 
iKwnhousos, when- the hi B h-tinsion elictiiril equipment is inside the build¬ 
up, as in Ii* 1, ind spuf ib limited, the s„pcistructure must be bivcral 

"TswnSn desi*n seldom pliers the hi B h-ttusion trunsfoimers or switeh- 
m* equipment within the buildup proper on iccount of the Ur*e site of 

' i Abbreviated Type of Superstructure The ibbreviitcd type of 
supeiMmctuie miv consist of either a Ion* buildm* ertendin K mer the unit? 
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[Chap. 37] 


with the roof just high enough to clear the exciters, or a simple metal en- 
cloMire over each unit large enough to provide walking and workmg space 
inside the enclosure. In the first type ihe roof has large hatchways for the 
installation and removal of equipment, and in the hitter type the entire casing 
is removable. Handling facilities usually eons^t of a gantry crane traveling 
the full length of the iiowerhou.se on rails supported on the substructure. 
The switchboard and other necessary auxiliaries are usually placed in a struc¬ 
ture at the shore end of the powerhouse. Working space for takedown and 
repairs is also provided under the gantry. Typical examples of abbreviated 
superstructures are indicated in Pigs. 7, 12, and 13 or this chapter, Fig. 3 of 
Chapter 36, and Fig. 11 of Chapter 11. 

At the Kentucky power plant of the Tennessee Valley Authority, located 
on the Tennessee River in Kentucky (Fig. 7), access to the units is by mean* 
of large hatchways in the roof of the low powerhouse **upei si rupture. The 
gantry crane, of 250-ton capacity, handle* the generating unit**, main trans¬ 
formers, and auxiliary equipment and operates the intake and draft-tube 
gates. 

At the Baguell plant of the Union Electric Light and Power Company, 
(Fig. 13 J across to the units is also by large hatchways in the roof of the 
low superstmeture. The gantry has only one long leg on the downstream 
side carried on the substructure, and the other end runs along tile tup of 
the wall of the electrical bay. It has one short cantilever ann on the down¬ 
stream side to handle stoplogs. 

In the Norwood powerhouse on the Peedee River, South Carolina (Fig. 
12), each unit has its own individual casing that is removable, and each 
generator is equipped with its individual air-circulating system, the air being 
water-cooled The crane has one long leg on the downstream side. The 
upstream end lias short stub legs running on the crest of Ihe headwall. 

Figure 16 shows an abbreviated type of powerhouse suitable for a plant in a 
gorge. The enclosure is just large enough to give working space around the 
unit, and a hatch in the roof permits access to the equipment. Handling 
facilities arc provided by a stiff-leg derrick located oil the bank above the 
powerhouse. 

One objection to the abbreviated type of powerhouse superstructure is 
that, as soon as the hatch or other protective covering is removed for re¬ 
pairs or any other reason, the generator and auxiliaries are exposed, except 
for such temporary protection as may be provided by tarpaulins or other 
simple means. In a sudden driving snowstorm, or a heavy rain, it needs no 
Rtrereh of the imagination to picture what might happen. Therefore, in 
northern climates where there is a great deal of snow and ice or where there 
are constant sudden showers, the advisability of the abbreviated type is 
highly questionable. 

Generally, the abbreviated type is more likely to produce savings in cost 
at a large development with many units than at a small development of only 
one, two, or three units. In the former ty]>e one gantry ran handle a long 
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line of geuontors ind iminers and the cost oi o long powerhouse super¬ 
structure is thus svwd In ulhtion, cm account of the nuinlier of units, if 
one rnubt lie rc mined ior rep ms, it 1 *, gem i illy net of vital importune to 
return it to the lint in the shortest possible spice of time Ii wejtliei condi- 



1 ioiin die unhsoiiblc, the mut (in sli> nil* <°i » (h > 01 evf “ da > s 

At a --niill illuit, the cost ot the spend equipment mule n«c(ssii v l*t the 
jbbitMital t\pe is \ri\ hkdy to more thui ofistt un siungs effeitul m 
thi cost of the s U |H istmrtuic In iny ei ent, an etulosurc must be pro¬ 
vided ior the swilthboird and umhmes Tn the dibrcvnted 1\pe partieu- 
I uly jf metal tudosuub 01 ci the turbines ind e\cileis lie used, unfitw 
moans of ventil ition <uid cooling must be mst died for the genei itois Also, 
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the gantry crane is of necessity much more costly than the ordinary crane 
of equal capacity. However, an abbreviated superstructure may be eco¬ 
nomically justifiable even for small developments in a location where the 
same gantry crane can be used to service the units and to operate the head 
gates and draft-tube gates. (See Fig. 7.) 

3. Fully Enclosed Type of Superstructure. The fully enclosed super¬ 
structure consists of a building enclosing all the apparatus and equipment 
with the usual exception of high-tension transformers, which are generally 
outdoors. In this type the crane travels on rails supported by the side walls 
or structural members. Typical fully enclosed superstructures are indi¬ 
cated in Figs. 1, 2, 3, anil 11 of this chapter, Figs. 4, 7, and 11 of Chapter 
36, and Figs. 7, 9, 33, and 38 of Chapter 38. Rome of the details pertaining 
to this type of superstructure are discussed in the remainder of this chapter. 

The choice between the fully enclosed superstructure and the abbreviated 
type is a matter that can best bo determined by a careful study in each 
particular case. (See also Section 2.) However, nianv operators prefer the 
fully enclosed 1y]>c of powerhouse where units can be dismantled and worked 
on without interference from the weather. 

See Table 1 of Chapter 36 for quantities in various types of powerhouse 
construction. 

4. Architectural Effect. Some power plants are located in or near 
renters of population, and good roads have brought many fonnerlv remote 
plants within easy visiting distance of the public. Tf it ix probable that the 
power plant may be visited by considerable numbers of the public, it always 
pays to devote attention to securing a pleasing architectural effort. Even 
though the plant is remote and will be seen by few people, the services of a 
competent architect should bo utilized as it usually costs no more to obtain 
a pleasing appearance than an unsightly one. 

Although a hydroelectric powerhouse is a purely utilitarian structure, 
sometimes it is considered necessary, especially in the rase or a government- 
owned plant, not just to erect an ordinary building but to build a structure 
that ix highly ornamental both inside and outride. In «urh raxes, rut stone 
or terra-cotta trim may be used on the exlerior, and tile floors, tile or glazed- 
brick wainscoting, or entire walls of such materials may be u*eil on the in¬ 
side. The writer has seen powerhouses in which Hie entire crane girder was 
hidden by a frieze of glazed brick. 

However, there is no necessity of going into ex]x>nxive design* to obtain a 
sturdy and handsome building, even for a government plant. Many excel¬ 
lent examples exist of good-looking structures of reinforced concrete, brick, 
and other inexpensive materials; and agreeable exteriors can be built with 
very little additional outlay over what a purely utilitarian structure would 
cost. Very attractive superstructure* have been built of common brick 
ornamented with a small amount of precast concrete. (See Figs. 3 and 14.) 

Within the building, careful consideration should be given to the use of 
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color as this ldda much to the appe nance and often nothing to the eost 
The units incl ill thfir iu\ilur> equipment shoild lie the sune general color 
jnd should complement the w ill treitment lht walls mi> be of glazed tile, 
tipcstiy buck, or even concrete pro]>erl> punted buih ittention to detail 
will make a phut ittractive to visitors and ompln\ees aid promote good 
housekeeping often it cre lies contentment among the stifl Few realize 
tlic e\cstrun produced b\ el tilling eolois Figure 8 shows the interior of a 
control room m i modem plint 



Tn 3 Bmk evtenni di«ngn poweihouse Hunmin development Dcfrfield 
Rnci Yi i mont Nfw Tiigland Povcm Co Thru unils it 20000 hp iotilctpac- 
ih 00 000 hp 390-ft head 160 ipm 6000 volts 


lu < m\ing out mv such dccontnc schemes, it -hould be kept m mtud 
Hut th<\ should gi\t tk tllict or stuugth solidity mil wissisenis- and 
1b it tlu-s should 111 lilt rout rolling inotil tbioughnut (Sec lig ’>) The 
light im inti Imtistu lmi no pine whrtt\cr in i powerhouse design 
6 Framework 1 lit [mmwoik oi i powerhouse sniterstiiulure should 
unqiKstionibh hi of straturd steel rhe sitrl di ign should U imestigited 
on i unit louhng lusis for both i roof suhstition loid »nd tlie usuil loof 
loids Smh i stnch inn well dttiiininr the most econoimed lotition for 
the sulMilum THith i steel frinie, when the suMrueture is suHieiently 
tompletid the stetl tin the superstructure tin be quieklv ereeted md the 
n ,11s mil root computed The eirh rnst,11 ,t,on of the tnveling erme ako 
permits the erection of the turbine md generator wbde the general build¬ 
ing ronstnietion proceeds Steel framing in a tvpied powerhouse is indi- 
eited in Fig 11, Chqitei 36 
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With a reinforced-comrete superstructure, the supports for the loot, enne 
railb, and wills arc usually poured together, ind considerable time elapses 
before erection of the turbine can proceed lliercfore, the sxving in time 
resulting irom the adoption of a strut tural-btcel frame ma> considerably 
shorten the time for the delnery of power 
Figure 17 of Chapter 39 shows the conciete superstructure ot the Ninta- 
hnla poweihouse, Fig 13 of this chapter, the exterior \iew of the sime 
plant 



Fig 4 Coni i c I c i xl t i 101 dt sign pow f ihouse Conow mgo ill v t lo] ini nl Susquc - 
lianni Ri\cr Mini uni Philitldplui Ilictnc Co sasltm 


6. Walls All powerhouse* of in\ constquenu aic cntiic 1> fireproof Tlie 
following mituids are suit ible for walls 

1 Bmk 

2 Brick aenrci kicked with otlur mate ml 

3 Runfouid rone life 

4 Coimrti bloiks 

5 Stum baikrd with buck oi other material 

6 Hollow tile (Iciiaiotli blocks') 

7 Clunitc on slcei lathing 

Brick of suitable eoloi and texture gives a pleasing appearince and is 
probably the most widely uspd mateml in the walls of poweihouse super¬ 
structures (Figs 3 ind 14) In a btructure as permanent as a powerhouse 









WALLS m 

tibe brickwork should alwaya be laid up in the most approved manner. 
Every sixth, oourse should be a true header course; If Flemish bond is 
adopted as shown m Fig. 10, darker-colored brick can be used W&e 
headers, thus giving a very good appearance. Ip the Flemish bond, all headers 

ne ®5 ? 0t J* JT 16 ° M *' but there must be enough true headers to secure a 
good bond. Generally glazed or pressed brick is used for the interior sur¬ 
faces to secure good-looking and smooth walls. Plastering or painting of »n«i» 
surfaces is not necessary. 



Fig. 5. Interior view of turbine hall, Conowingo development, Susquehanna 
River, Maryland. Philadelphia Electric Co. system. 

Brick-veneered walls can be used, backed with concrete blocks, tile blocks, 
or reinforced concrete. The only advantage of such walls over solid walls of 
brick is that they make a good appearance on the exterior at minimum 
expense. Care must be taken to thoroughly anchor the brick to the back¬ 
ing with wall ties or true headers to prevent separation from the main wall. 
Such walls may be plastered or painted on the inside, if desired. 

In small powerhouses the walls can be designed to support the roof with 
wall pilasters supporting the crane runway beams. In large powerhouses 
with a structural-steel frame the enclosure may be a curtain wall between 
floors and columns. This may be only 8 in. thick if the panel is not too 
large. Generally, a curtain wall not less than 12 in. thick is recommended. 
The advantage of the curtain-wall type of construction is that it permits 
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ins tallin g the crane, the roof, and some of the equipment before proceeding 
with the enclosing walls and thus saves valuable time in the completion 
schedule. The Conowingo plant (Fig. 4) is an example of curtain walls of 
reinforced concrete. Figure 5 shows an interior view of the same plant. 

Tile and concrete block are frequently used for curtain walls, but cm 
account of the rough surfaces of these materials they do not give as good an 
appearance as brick. 



Fig. 6. Exterior view, Norfolk dam and powerhouse, North Fork River, Arkan¬ 
sas. U. S. Engineer Dept. One unit 42,000 hp, 160-ft head. 


Reinforced concrete is used quite extensively for walls as its general ap¬ 
pearance has been improved by good architectural design and new methods 
of construction. A flat concrete wall of any great extent without any relief 
never pleases the eye. Defects such as cracks or misalinement are. extremely 
noticeable. Paneling and banding can do much to improve the appearance 
of a wall of this type. 

One great disadvantage of reinforced concrete in powerlurise design. is 
that this material does not readily lend itself to alterations, changes, and 
additions. It is of necessity monolithic. 

Steel forms or steel-lined forms do not give a pleasing surface. Holes 
from air bubbles are practically always evident at the surface, and defects 
in alinement are enhanced. If wood is used for forms a pleasing effect may 
be secured by having all the board lines run in the same direction so that any 
given board line has the same elevation. Rubbing with Carborundum bricks 
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Vjn 7 Prom nrrtion Kentucky powerhouse. Tennessee River. Kentucky. 
nessee Valley Authority. Total capacity 180,000 hp, 48 -ft he«l. 857 njin. ■ 
Weilman, Civil Eng., June 1943, p. 257.) 

„ 0 rroAtes a very satisfactory appearance, and where it is readily 
1 hip and labor co*ts are not excessive it can often be used to advantage. 

Th. SchoelUtopf plant .t Nto» M- <■ “ rf “* * 

E'km of the structure toll .to «» “Wotta t. . tar *gw. .V. 
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7. Doors and Windows. Sufficient ventilation is an important con¬ 
sideration m the de&ign ot any powerhouse, and light should always be ample 
wherever possible. It is necessaiy to lia\e a steady and adequate flow of 
fresh air into the building in waim weathei and to provide exits tor the hot 
air given off bv the geneiatmg equipment 
It is seldom possible to ha\c the powerhouse comfortable in extremely hot 
weathei, e\en in northern latitudes, and the greatest amount of window 
space consistent with proper arclntectuial effect is advisable Too great a 



Fio 8. Contiol room Foil London powei house Tonnrsstc Rnoi Tennessee Ten¬ 
nessee Valkv Aulliontv Two units «it 44 000 lip, tot d rapacilv 88000 hp 65-ft 

head, 105 ipm 


window area gne* the impression of weak construction, which is lmon- 
sisient with the piopei treilinont of jjciw or-jil.nit ^tinctines 
Much considcntion is lieme given to gltss blocks aid peimanenlly closed 
windows Ventilition is ircomplished meins of louvcis, mr filteis, and 
ductwoik foi distuhution This s\stem idcK much to the cleanliness of the 
equipment and plant Mixing bv dampens the filtered air with the waste 
heat from the general or* will piovidc a comfortable wintei temperatute 
Contiolled tempeiaturc ventilition is most lmpoilant in the large switch 
houses where if is impeiative to keep the air conditions shove the dew r point 
to avoid flashover With the normal giowth of large plants, such i svstcrn 
lends itself to the ultimate installation of refrigeration, which mu liecome 
necessary to hold the ambient tempoiatuie within the opeialmg nngc 
Both steel and wood sa-Ii are used in powerhouses Steel sash should be 
chosen wherever possible, at it reduces the fire risk to the minimum and in 
most localities co&t*. very little more than wood sash 







DOOBJS AND WINDOWS m 

In building steel sash into the walls, if the wails are of bride,, c onc rete 
blocks, or terra-cotta blocks, the sash should be set up before tie wails are 
built, in the. same manner that wood frames are erected, and the walls then 
built around them. The writer is of the opinion that this method should 
also be followed for reinforced-concrete walls. 

Aluminum, copper-bearing, or stainless-steel alloys are being used for the 
sash and doors of many high-class structures, as they do not rust and their 
length of life is almost unlimited. 



Fig. 9. Paneling on concrete surface at. Norris powerhouse, Clinch River, Tennes¬ 
see. Te nnesse e Valley Authority. Two units at 66,000 hp, total capacity 132,000 

hp, 165-ft head, 112.5 rpm. 


If the sash is metal, the maximum number of ventilating sections possible 
should be supplied and ventilating sections should be placed as near the 
tops of the windows as possible. 

To secure good ventilation at the top of the building, powerhouses are often 
provided with ventilators in the roof. There is always the danger, how¬ 
ever, that leaks may occur in roof ventilators and water thus reach some 
of the electrical equipment. For this reason ventilators should never be 
placed directly over electrical machinery. 

A better plan for ventilation close under the roof is to place sets of 
louvers on opposite sides of the building. These can be designed to com? 
directly over windows and thus not affect the general appearance of the 
building. In fact, they can be treated with a panel effect so that they are 
hardly noticeable. Either fixed or movable louvers can be used, depending 
on climatic conditions at the site. (See Figs. 4, 5, and 6.) 
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A main entrance door big enough to admit the largest piece of machinery 
must be provided for every powerhouse. This doorway should be at the 
shore end of the powerhouse or in the side wall next to the shore end of the 
building (Fig. 3). The working bay should also be at. this end of the power¬ 
house, immediately in front of the doorway. 

Either a sliding, folding, or rolling door can 1>e used, each type having its 
advantages. The sliding door and rolling door are easier to handle but 
hard to make tight. This difficulty is a disadvantage in northern climates. 

The large entrance door should be provided with a wicket door unless 

it is advisable to have some smaller 
entrances in addition to the large 
one. Such smaller entrances are 
often n convenience in giving direct 
access to the top of the head wall 
or the raking platform. 

8. Floors. Floors for the sub¬ 
structure are discussed in Section 17 
of Chapter 36, and this section ap¬ 
plies equally to the floors in the 
superstructure. 

The floors must be designed to 
support any machinery and materi¬ 
als Hint may be placed upon them 
during construction. Ah in most buildings, the floor is likely to be more 
heavily loaded during construction than subsequently. 

It is rarely safe to design powerhouse floors for less than a 300-lb-pcr-sq-ft 
live load, and it is not often necessary to design them for more than a 
600-lb-iier-sq-ft live load, liy careful planning it is sometimes possible, on 
account of the large size of machinery, to design the girders for the full live 
load determined upon, reduce this .somewhat in the design of the beams, and 
reduce it still further in the design of the concrete slabs. Caution must be 
observed in using any such reductions, however. 

If there is an outdoor transformer section in connection with the power¬ 
house, it is usual to have facilities inside the powerhouse for handling and 
repairing transformer- As a basement is frequently built under the landing 
bay or part of it, a large hatchway o])ciiing into the basement can be made 
through the main floor. A transformer can then be hrought into the power¬ 
house, lifted by the crane, and lowered through the hatchway until it rests 
on the basement floor. Tt then can be dismantled and the core removed by 
the crane with very little difficulty. 

The hatch cover should be framed with structural steel, filled in with 
concrete, and provided with countersunk rings or holes so that it can be 
lifted by the crane. To facilitate handling, it can be built in several sec¬ 
tions. The hatchway in the floor should be projierly framed with angle 



Fig. 10. Rrirkwork laid up in Flemish 
bond. 


«Hta,»thMlhe hatch willSlMtlymtoHmdb.mmortribrUi.r .. 
commanded by the crane. 

9. Roofs. Pitched roofs are sometimes used with varying degrees of 

SlfcfTT^ “ Climn,eR With eX(>e P t ' ona Uy heavy snowfal* H^ver, 

CT‘dlv ad^tiT h Ar™T'' u Tl’l 1 rim,,le avorh “ n * in * wives is the type gen- 
e . j adopted. All roofs should tie designed for the greatest snow load that 
may came upon them. 




&*-?} 


Swfttsh gallar§ 



Duet ft ru 




Fig. 11. CrowHsertion Cedar Rapids powerhouse, Cedar River, Iowa. Electric 
Light and Power To Three ninth al 1000 hp, total rupacily 4800 hp, 10- to 20-ft 

head. 


The clioapohl typo is the Hot roof with overhanging eaves and only enough 
pitch In give proper drainage. The minimum hluiie that should be provided 
is about Vt in. to the foot. The objection to overhanging eaves in cold cli¬ 
mates is that icicles will form along the oaves and may grow to enormous 
size. On account of the position of the windows in powerhouses, such ice 
formations are difficult to dislodge, and this is the main reason why parapets 
should be used in conjunction with flat roofs in such latitudes. 

Formerly wood wiis u-icd to a considerable extent for the roofs of power¬ 
houses. Its advantages are that it ih light in weight, cheap, and easily 
applied. Its disadvantages are that it is not fireproof and is short-lived in 
comparison with other types of roofs. It has no place in a modern power¬ 
house. 

The roof may be built of simple reinforced-eoncrete slabs. These should 
never he less than 3 in. thick, and preferably 4 in. should be the minimum. 
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There are many other types of fireproof roofs, some of which are patented. 
These include Hy-rib and similar varieties of reinforced-concrete slabs, con¬ 
crete plank, hollow clay tile, gypsum slabs, etc. Precast roof members can 
be threaded to the T-beam purlins, or other type of purlin, thus accelerating 
the construction of the roof. 

Whatever type of roof slab is used, it must be protected by a waterproof 
covering. The most common and probably the most satisfactory one is the 
3-^ 4-, or 5-ply built-up roofing finished with a mopping of tar or asphalt 
protected with slag or gravel as a finish coat. 



Fin. 12. Abbreviated type of construction at Norwood powerhouse. Pee Dee River, 
South Carolina. Two units at 31,100 hp, 90 rpm. and one unit at 25.600 hp, 75 rpm, 
giving a total capacity of 87,800 hp. 


It is also most important to secure heat insulation in the roof, as otherwise 
moisture will condense on the underside of the roof and water may drop on 
the electrical equipment. This insulation can be obtained by a cinder con¬ 
crete fill on top of the roofing slab, or by hollow clay roofing tile, hollow 
precast concrete plank, hollow gypsum roofing tile, etc. 

Tf the powerhouse has a parapet, copper or lead counter flashing should 
always be used. The roofing material should be carried up on the walls under 
the counter flashing. This should be built into a joint in the brickwork, 
or into a reglet provided for it in the parapet wall, and carefully turned down 
over the roofing material so aa to make a tight and weatherproof joint. Fig¬ 
ure 17 shows this construction. 

Considerable trouble has resulted from leakage of rainwater into the 
walls, which causes unsightly efflorescence and, where freezing occurs, rapid 
disintegration. Usually this is due to poor workmanship in flashing, point¬ 
ing, and waterproofing, particularly in the joints of coping stones, or to the 
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omission of effective drips on copings, which permit the water-to follow the 
surface of the stone back into the joint. Careful wor kmanshi p and the use 
pf waterproof mortar help to correct this condition. 



Fin. 13. Cross-Heel ion, Bagnell powerhouse, Osage River, Missouri. Union Electric 
Light and Power Co. of Missouri. Six units at 33,500 hp, total capacity 201,000 
lip, 90-ft head, 112.5 rpm, 13,800 volts. (See also Fig. 11, Chapter 11.) 


On flat-roof plants where the substation is located on the roof, a slag roof 
is unwise, but a square-floor tile roof laid on a felt tar membrane wears very 
well. 

The Norfolk plant. (Fig. 6) is an example of the use of Spanish tile on a 
sharply pitched roof. 

10. Stairs and Railings. Stairs should always be of. steel or concrete. 
They can be built with channel-iron strings, open risers, and checkered steel- 
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plate, cast-iron, or bar treads. Sheet-steel treads filled with concrete also 
make an excellent stair. 

Stairways for powerhouses are seldom built on a flatter slope t.fmn 45 
degrees, although steeper ones are permissible if room is limited, and par¬ 
ticularly if they are seldom used. They should always be provided with hand¬ 
rails. If the stairway has a flatter slope than about 45 degrees and if one side 
is against the wall, a handrail is required on the outside only. If, however, 
it is steeper than about 45 degrees, or if it is not built against a wall, a hand¬ 
rail on each side is required. 



Fig. 14. Brick exterior design, powerhouse, Safe Harbor hydroelectric develop¬ 
ment, Susquehanna River, Pennsylvania. Safe Harbor Water Power Co. Seven 
units at 42,500 hp, total capacity 297,500 hp, 55-ft head, 109.1 rpm. 


For 45-degree slopes, the treads and risers are usually 8 % to 9 in. For 
flatter slopes, the treads remain the same and the risers are reduced in height 
to correspond to the slope. For steeper slopes, the risers may be increased 
to 9% or 10 in. and the treads reduced accordingly. 

The surfaces of concrete stairs should always be finished rough with a 
wood float, or safety treads should be used. There are several excellent 
types of all-pressed-steel stairs on the market, and these can often be used 
economically. One type of stairway that is generally free from hazard is the 
pressed-steel riser and framing with a sandy slate tread. 

Railings should always be used to protect all openings, stair wclfe, plat¬ 
forms, etc., both inside and outside the powerhouse. A doubts rail should be 
used, the first 22 in. above the floor, and the second 20 in. above the first, 
making a railing 3 ft 6 in high. One-and-one-quarter-inch black iron pipe is 
ample for all railing. Standards should be well ancliored to concrete, by 
means of flanges with not less than 4 bolts % in. by 6 in. long. Standards 
should be not more than 8 ft 0 in. apart. 








WATER HITPW. 
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All Blair wells and edges of galleries should be provided with a concrete o 
steel toe board 0 in. high above the finished floor level. 

11. Water Supply. The uater supply for the bearing and transforme 
cooling fiybtciite and for general use is obtained from the nearcat continuou, 
source. For high-head developments the supply is from the penstocks; fo: 
low-head plants it is taken directly from the intake 



Fm. 15 Cmoial \icw of the Nantohalo development and powerhouse, 

Noith Ciuohnu Nautalmln Power and Liaht Co One unii at 60,000 hp, 925-ft 

head. 450 ipm 

In high-licud dewlopmentft, a header of ample mzp should Ik* connected to 
each penstock and piowded with Ihe necct^my sal\es so that water will be 
available even if all the pensbioks but one ate unwateied. For the saxno 
reason the inle* of Ihe water supply at the inlakes of low-head developments 
should be m an independent bay, or el-* (here should be one in each mum 
Inv with n hcudei interconnecting them. A connection to a nty water sup¬ 
ply if available, is desirable as an added salt-guard; if the nver water is 
extremely silty at tunes or othcwi" suitable, the ^ 
may obviate the necessity for an expensive filter plant, that has had to lie 

ins talle d in some in=tnnres 

Usually the turbine manufacturer provides an independent stmree of 
supply f" the bearing cooling system of each turbine, direct from the wheel 

^VlowW^trt* are often needed for the water supply if the 

head is not sufficient for all purposes. If no alternative water suimlv m 
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available, such pumps must be installed in duplicate to insure an uninter¬ 
rupted flow of water if one pump is out for repairs. The suction line to 
these pumps should have a foot valve and strainer on the intake end. 

Water connections should be provided at convenient points around the 
powerhouse. The supply pipes should not be less than 2 in. If desired, they 
can be bushed down to % in. and equipped with ordinary angle valves from 



Fig. 16. Powerhouse with stiff]eg derrick instead of crane, Winooski Gorge Plant 
No. 18, Vermont. Green Mountain Power Corp. One unit, 4325 hp, 35-ft head, 

180 rpm, 2300 volts. 


which to fill pails. Such connections should not be placed near electrical 
equipment; and it is convenient to have floor drains close by, to take care of 
any drip or splash from the valves. All such outlets should have threaded 
ends for the attachment of hose connections and reducers. 

All piping installed for water supply should be galvanized genuine wrought- 
iron pipe, with galvanized malleable- or cast-irim fittings. The first cost, of 
wrought-iron pipe is higher than that of steel pipe, but it will outlast steel 
pipe and in the end is more economical. 

Provision should be made for straining the water supply either by screens 
at. the intake or strainers in the supply line from the penstock connections. 
It must be possible to clean the screens or strainers without shutting off the 
supply of water. A duplex strainer wilt permit continuous water supply even 








DRAINAGE 


when one half v* being cleaned Under conditions of hi g h nvoi flow, con- 
tinuoub strainer cleaning is mandatory. The new dr rotaiy screens will pro¬ 
vide cleaner water than the stationary types. 

River-water s> stems should be designed as emergency or back-up supplies 
for Are protection Under no circumstance should apy connection be made 
between the river-water system and the dnnking-wdtei astern Current 
thought regaid*- the Mulsifvcr System or Fog Norzlcs as the lies! approach to 
Arc pioterlion even though the electural equipment is eneigizcd. 


Fin 17 



Roof details OMiliuiging n\n and parapet ronstiurtion 


12. Drainage. If u panpet l>pe of loof is alerted, the iwii diomt. 
should be ol the must approved make, as lciks aic a Rir.it menace to elec- 
tncdl equipment All loof diam-. must l»r piuvidecl with btruucis, pioterahh 
ol tlio basket tvpe Leadeis should bp galv ani/ed-stecl or wrought-uon pipe 
They should drain into the dinft tubo or tailiape. 

To in rv put iipczmp, all piping m cold clunateb must be kept inside e 
building and as fai fiom the outside surface-, of walls as postible Piping 
Lild not be lmned in ronciete but should be insulated for the 
conditionb to which it will be subjected All pipes ninniug into the tailraee 
should preferably extend well undei low tadwater, ab otheiwiso the eplash 
of water may plug the outlet of the pipe with ice. 

AU diainb should be run in ns straight hneb ab posable to avoid plugging 

any drainpipe that becomes plugged. 





804 


POWERHOUSE SUPERSTRUCTURE 


[Chap. 37] 


All floors should have drains to cany off water when the floors are washed. 
Such drains should be placed away from electrical equipment! and floors 
should be slightly sloped so that water will drain away from all apparatus. 

13. Powerhouse Crane. The traveling crane is generally the largest 
and heaviest piece of auxiliary machinery in the powerhouse. Its capacity 



and therefore its weight are determined by the heaviest load that it must 
handle. However, as it handles such a load at oiily rare intervals, when the 
ninner and its attached rotor are being set, and as this is done with extreme 
care, the crane in a hydroelectric powerhouse is never subjected to as severe 
service as a foundry dr machine shop crane. Therefore, a lighter type of 
crane can be installed than would be advisable for the heavier service. 
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Either a one-trolley (Fig. 2) or a two-trolley crane (Figs. 13 and 18) 
can be used. The one-trolley crane is by far the cheaper, but, on the other 
hand, it requires a higher powerhouse 1 for sufficient clearance. With two 
trolleys, the shaft of either the rotor or the runner can be hoisted up so as 
to pass up between the trolleys and tlie crane budge girders, thus materially 
reducing the height of the powerhouse necet*aiy to obtain clearance (see 
Fig. 18). This cannot be done with a single tiolley. On the other bind, it 
is much easier to adjust the rotor and runner with a single trolley, os there 
is only the one hoist to control. I f the height of the powerhouse is to be 
determined by the clearance necessary to carry the rotor or the runner, 
with its shaft, over the other units, then the two-trolley crane will probably 
be the more economical. If, however, iur sumo other reason, the powerhouse 
has to be built higher than otherwise would be necessary, and there is clear¬ 
ance for a one-trolley crane, then this installation i& usually the cheaper. 

A high-speed, low-capacity auxiliary hook on the mam ctane will expedite 
the jobs that the crane must do fxom time to time. It is mord important to 
design the crane so as to avoid uny overloading. In this connection, consult 
the various codes concerning crane design. 

In the design of the steel in the superb met lire, at least two roof trusses 
and their supporting columns must be adequate to wifely care for the as¬ 
sembly of the crane. Where heavy cranes are tu lie installed, this is most 
imjHjrtont. 

In setting the runner and rotor of a vertical unit with the crane, the pro¬ 
cedure in an follows: 

The Tunner is lowered into place. In the Francis type of runners, the 
turbine casing ha^ a ring on which the nmnci can rest In the piopcheT 
type of lunner, it is generally nern>Miry to use hlcuking on which to rest the 
runner, although the turbine manuFactuicrs sometimes piovule special lugp 
which are bolted to the rasing and on which the runner can Test. 

Aftei the generator stator is erected, the rnlor is lowered into position and 
leveled up temporarily on blocking or on the generator brakes. This gen¬ 
erally leaves from J- to 116-in. clearance lietween the generator-shaft coupling 
and the turbine-shaft coupling. Next the coupling bolts are drawn up and 
the runner raised to its final position. The thrust bearing is then installed 
and adjusted, and the temporary support of the rotor is removed. 

A clearance diagram similar to that shown in Fig. 18 should always be 
made and submitted for approved to the crane, turbine, and generator manu¬ 
facturers. 

14. Types of Gantry Cranes. The usual gantry crane has legs of equal 
length and a hoisting trolley that travels on the bridge between the lege. 
In gantries common in the abbreviated types of powerhouses, there have 
been various modifications of this type. Where the generators are placed 
close under the downstream face of the dam, one leg of the gantry may be a 
short stub leg traveling on a Tail set on top of the dam (Fig. 12) or on a 
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bench provided for it on the downstream face. In other installations the 
gantry legs have been supported by the low walls of the abbreviated power¬ 
house superstructure (Fig. 13). 

In some developments, head gates are controlled by a cantilever arm on the 
upstream side, and stoplogs or tail gates by one on the downstream side 
(sec Fig. 7). In one or two cases, the cantilever ami has been used to hoist 
materials from barges floated to the powerhouse site, both during construc¬ 
tion and for emergency purposes afterwards. This method is desirable where 
it might be difficult or impossible to gain direct access to the site by rail. 
The drawbacks are that it necessitates n dock and loading facilities near by 
and the maintenance of a barge and towing equipment available on short 
notice. The barge inu*t lie large enough to transport the lurgcst piece of 
equipment in the power plant. 

(Hanlry cranes arc more expensive than ordinary cranes of equal capacity. 
On account of the large units now being installed, gantries of very great 
capacity are required. The gantry of the powerhouse at Mitchell Pam on the 
Coosa River has a capacity of 125 tons on the main bridge with 70 tons 
capacity on both cantilever arms. At Wheeler Dam powerhouse of the 
Tennessee Valley Authority, where there are several gantry crime*, the largest 
one having a capacity of 300 tons commands the units. Thi* is a simple 
gantry without cantilever nmis. 

15. Telephone and Communication. The telephone booth should be 
enclosed with terra-cotta, brick, or concrete walls and ceiling, and provided 
with a good single door, or preferably a double door, to keep out as much 
noise as possible. It should also have a false wooden floor supiwrtcd on 
glass insulators, to reduce as much as possible the chance of a heavy shock 
to anyone using the telephone. 

Tn a large plant, where a number of telephones are necessary, a decision 
must be made between operating its own telephone system and leading from 
the Bell System. Leasing is usually preferable. In a large plant, a public- 
address system or a call system expedites operating routine. In remote 
locations, carrier-current or shoil-wavc radio may prove the least expensive. 

16. Heating. In cold climates, the question of heating a powerhouse is 
one that niu^t be considered. At ordinary low temperatures down to freez¬ 
ing, enough heat is given ofT by the generators to keep the body of the build¬ 
ing comfortably warm, but at lower temperatures, or in a large powerhouse 
where a number of the units may be shut down at the same time other means 
must be provided for supplying enough heat to keep at least a part of the 
powerhouse, where the operator is stationed, reasonably warm (fi8 degrees 
Fahrenheit). The value of healing to operating-personnel morale should 
never be underrated. For this reason, in all powerhouses in cold latihides, 
one or more chimneys with proper flues (not less than S in. by 8 in.) should 
be provided. These chimneys should be located at convenient points so that 
stovepipes can be easily connected to them. All chimneys should have terra- 
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cotta flue lining surrounded with at least 8 in of brick. They need not be 
much higher than the roof line because of the cliixnney effect at the dam Bite. 

In same caws, the switchboard is located in a separate room or enclosed 
in a glass paitition, and this enclosure is heated with electric heateis, small 
stoves, or wall-mounted- unit blower heaters. Another method is to keep 
the oiierator’s desk and chair in a small, heated, portable enclosure in front 
of the swilchboard. 
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CHAPTER 38 


HYDRAULIC TURBINES 

By Arnold Pfau and the late Dr. ll'i/IiaM Monroe White 

1. Introduction. The rtj.iijnitntuin oi power and of the head on the 
turbine haa been considered in Chapter 9, “Head, Power, and Efficiency.’ 1 
On this subject tlie reader is aL>o referied to Section 22 of this chapter. 
Power may be de\doped fiom water by three fundamental processes: by 
action of ith weight, ol its pressure, or of its velocity; or by a combination 
of any or all three. In modem prarliro the Pellon or impolite wilt'd is the 
only type winch obtains power by a single process, the action of one or more 
high-velocity jets. This type of wheel is usually found in high-head devel¬ 
opments. 

2. Progress in Design. As shown by Fig. 1 there lias been practically 
no increase in the efficiency of hydiuiilic turbines since about 192ft, when 
maximum efficiencies reached D.'l% or more |T|- A* far as maximum effi- 



Fio. 1. Progrem chart of hydraulic tuibinc development. (After Fig 1, "Hydro 
Generation ol Energy,” by Kiank H. Rogers, Tram. AJ} CH., Vol. 104, p. 953,1938.) 
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ciency is concerned, the hydraulic turbine has about reached the practicable 
limit of development. Nevertheless, in recent years, there has been a rapid 
and marked increase in the physical size and horsepower capacity of individ¬ 
ual units, as may also be seen from Fig. 1 and Table 1. 


TABLE 1 


Representative Hydraulic Turbines 






Rated 


DtaW 


Bpedfie 

Spend 

(One 





Hp 


Diameter, 


Jet for 




Manu¬ 

One 

Rated 

of Humur, 

Speed, 

Impulse 

Station 


Type 

facturer 

Unit 

Head 

inches 

rpm 

Wheel) 

Apalanhia 

Tran. 

Francis 

I 

53,000 

280 

108 

225 

88.0 

Boulder 

Nov. 

Francis 

A 

115,000 

510 

130 

180 

2A.2 




I 

115,000 

510 

130 

180 

28.2 

Claytor 

Va. 

Francis 

A 

20,000 

110 

120 

138.5 

02.7 




N 

20,000 

110 

128.25 

158.5 

82.7 

Conowingo 

Md. 

Fnuiris 

A. I 

54,000 

30 

104 

81.8 

60,5 

Dnipj roatroi 

Rusaia 

Franns 

N 

54,000 

118.5 

226.50 

88.2 

67.3 

Orand Coulee 

Wash. 

Franris 

N 

150,000 

330 

172.75 

120 

33.3 




A 

103,000 

330 

171 

138.5 

31.75 

Hiwure 

N.C. 

Francis 

N 

B0,000 

100 

165.10 

120 

48.1 

Iztanantongo 

Me*. 

Francis 

I 

30,000 

1,028 

48.62 

eon 

20.8 

Merlin 

Ala. 

Francis 

A 

45,000 

145 

136 

120 

50.6 

Marshall Ford 

Tex. 

Francis 

I 

27,000 

120 

128.5 

144 

50.5 

Nantahala 

N.C. 

Francis 

N 

00,000 

025 

50.04 

450 

21.6 

Nu^nViili 

N. Y. 

Francis 

A, I 

70,000 

214 

176 

107 

84.6 

Norris 

Tran. 

Francis 

N 

60,000 

IBS 

185.10 

112.5 

48.0 

Gsngr 

Mo. 

Francis 

A 

53,500 

00 

133 

112.5 

74.5 

PH River No. 5 

Calif. 

Francis 

P, A 

50,000 

0B7 

77.5 

300 

23.2 

Ran Franriaquito 









No. a 

Calif. 

Francis 

N 

21,000 

015 

50.31 

42B 

25.3 

Banteetbh 

Tran. 

FTaneis 

8 

33,000 

680 

53.58 

450 

24.5 

Wilson 

Ala. 

Francis 

I 

30,000 

05 

150.5 

100 

5B.4 




N 

80,000 

05 

170 

100 

58.4 




A 

35,000 

05 

133 

100 

85.8 

Bonneville 

Ore. 

Kaplan 

R 

74,000 

80 

280 

75 

122.3 

Bussurds Roost 

R.C. 

Kaplan 

I 

7,400 

60 

02 

240 

124 

Chirkamauga 

Tran. 

Kaplan 

I 

38,000 

38 

284 

75 

161 

Great Northern 









Paper Co. 

Me. 

Propeller 

1 

3,050 

25 

100 

171.6 

147.3 

Green Island 

N. Y. 

Propeller 

A 

2,200 

13 

158 

80 

152 

Fort Loudoun 

Tran. 

Kaplan 

1 

50.000 

85 

222 

105.8 

12B.2 

Guntmville 

Ala. 

Kaplan 

a 

34,000 

38 

285 

60.2 

145 

Marmet 

W. Va. 

Propeller 

N 

7,800 

23 

177 

00 

155.8 

Ohio Falta 

Ky. 

Propeller 

A 

13,500 

37 

180 

108 

135 

rickwtck land¬ 









ing 

Tenn. 

Kaplan 

A 

48,000 

43 

202 

81.8 

163 

Rork Island 

Wash. 

PropelleT 

A 

21,000 

82 

212 

100 

100 

Hale Harbor 

Pa. 

Kaplan 

I. R 

42,500 

55 

220 

100 

140.3 

Hhannon 

Ireland 

Kaplan 

Foreign 

33,000 

108.5 


187 

80 

Watts Bar 

Tran. 

Kiplan 

I 

42,500 

52 

234 

04.7 

130 

Wheeler I'nita 









Noe. 3 and 4 

Ala. 

Propeller 

1 

45,000 

4B 

264 

85.7 

144.1 

Balrh 

Calif. 

Impulse (1 jet) 

A 

2 X 20,000 

2,243 

115 prich dia. 

380 

3.3 

Big tVeek No. 1 

Calif. 

lmputo (1 jet) 

P 

2X17,500 

1,000 

121 pitch dia. 

800 

3.16 

Big Greek No. 









2A 

Calif. 

Impulse (1 jet) 

A 

2X2B.000 

2,200 

182 pitch dn. 

250 

2.70 

Bucks Creek 

CaliL 

Impulse (1 jet) 

P 

2X15,000 

2,400 

118 pitch dia. 

450 

2.75 

Caribou 

Calif. 

Impulse 0 jet) 

A 

2X15,000 

1,008 

155 pitch dia. 

171 

3.7 

Feather River 

Calif. 

Impulse (1 iet) 

P 

2X15,000 

2,350 

80 pitch dia. 

450 

8.37 

titan ills 

N.C. 

Impulse (1 jet) 

A 

2X15,000 

1,150 

117 pilch dta. 

207 

4.7 

San Franriaquito 









No. 1 

Calif. 

Impulse U jet) 

A 

2X10,100 

BOO 

176 pitch dia 

148 

4.25 

Tiger Creek 

CaliL 

Impulse (1 jet) 

P 

2 X 18,000 

1,100 

120.5 jitch 

225 

4.33 

ToroNegreNo.2 

PuvtoRioo 

Impulse (1 jet) 

a 

IX 2,700 

630 

50 pitch dia. 

800 

5.0 

Danville 

Va. 

(Vertical) impulse 
- (3 jets) 

a 

IX 4,550 

800 

72.1 jjteh 

450 

8.07 

Waiau 

Hawaii 

Impube"(2 jets) 

p 

2 X 1.125 

400 

41.5 jjiteh 

400 

5.8 


Manufacturer: 

A — Allia Chalmers Manufsrturiug Company. 

1 - Baldwin Snuthwvk-I.P. Morris. 

N - Newport News Shipbuilding and Dry dock Company. 


P - Pelton Waterwheel Company. 
S — S. Morgan Smith Company. 
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Moat noteworthy, however, has been the development of the propeller- 
and Kaplan-type turbines, which largely accounts for the increase in specific 
speed shown in Fig. 1 [4, 6, 7, 9, and 10]. This development is of major 
economic importance, having materially decreased the total cost of low-head 
iitot(illations and made economically feasible many low-head projects which 
were previously impracticable. This is because the higher speeds practicable 
with the Kaplan- and propellor-type turbines mean higher-speed, lower-cost 
generators, and somewhat smaller tpace requirements m the power pUnt for 
a given capacity. 

In addition there has been improvement in the details of design of the 
various elements of the jxiwer plant in the direction of simplification and the 
reduction of operuting labor. There has also been considerable research into 
the cause and prevention of cavitation, which allows the advantages of higher 
sjiecific speeds to be obtained at higher heads than formerly were considered 
advisable. The net effect of this progress with larger units, higher si>ecific 
speed, and simplification and improvements in design has been to retain for 
the hydraulic turbine the important pluce which it has long held at one of th* 
most important prime movers. 

3. Types of Hydraulic Turbines. Hydraulic turbines may be grouped 
in two general chutes: the impulse type which utilizes the kinetic energy of a 
high-velocity jet which acts upon only a small part of the circumference at 
any instant, and the reaction tyjie which develops power from the combined 
action of pressure and velocity of the water thal completely fills the runner 
and water jiassages. The reaction group is divided into two general types: 
the Francis, sometimes called the reaction type, and the propeller type. The 
propeller ela^s is also furl her subdivided into the fixed-blade or propeller 
type, and the adjustable-blade type of which the Kaplan is representative. 

In Table 1 is given a representative liht of hydraulic turbines many of 
which are shown in the figuieb. The type, head, discharge diameter, revolu¬ 
tions per minute, and specific speed appear in the table. 

Impulse Wheels. With the impulse* wheel the potential energy of the 
water in the penstock is transformed into kinetic eneigy in a jet issuing from 
the orifice of a nozzle. This jet discharges freely into the atmosphere inside 
the wheel housing and strikes against the bowl-shaped buckets of the runnel 
illustrated in Fig. 2. 

Impulse wheels (Fig. 2) are used at heads of 800 ft or more, although 
they may be used at lower heads, depending on the horsepower capacity 
involved. Usually not more than one or two jets are applied to the circum¬ 
ference of the runner or bucket wheel. The specific speed suitable for a 
given head and rapacity of unit is much lower than that for the Francis or 
for tho propeller type. 

One of the largest impulse wheels, from the standpoint of physical size, 
operates at the San Francisquito No. 1 Plant in California. It is of the 
double-runner overhung single-jet typo developing 32,200 hp under 80O-ft 
head at 143 rpm (50 cycles) and is now operated without change alternately 
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at that speed and at 60 cycles (171 rpm), as demand may require. There 
is practically no loss in output or efficiency at the higher cycles. A high- 
head plant, the Bucks Creek Plant on the Feather River, California, with a 
maximum head of 2575 ft, uses impulse wheels. In Switzerland a few units 
operate under 5000 ft or more. 

At each revolution the bucket enters, passes through, and passes out of 
the jet, during which time it receives the full impact force of the jet. This 
produces a rapid hammer blow upon the bucket. At the same time the 



Fig. 2. Waiau power plant, Hawaii; 2250 total lip, Pelton double-overhung, 
double-nozzle impulse wheels, 400-ft head, 400 rpm. (See Table 1.) 


bucket is subjected to the centrifugal force tending to separate the bucket 
from its disk. On account of the stresses so produced and also the scouring 
effect of the water flowing over the working surface of the bowl, material 
of high quality of resistance against hydraulic wear and fatigue is required; 
Only for very low heads can cast iron be employed. Bronze and annealed 
cast steel are normally used. 

To permit ready replacement of damaged buckets, they are usually indi¬ 
vidually bolted to disks, either singly or in segments of two or more, if the 
pitch has become so limited that not enough bolts could be provided to fasten 
a single bucket safely. Single buckets permit ready and high, finishing of 
the working surface of the bowls, thereby assuring highest efficiency. 

Francis Runners. With the Francis type the water enters from a casing 
or flume with a relatively low velocity, passes through guide Vanes or gates 
located around the circumference, and flows through the runner, from which 
it discharges into a draft tube sealed below the tailwater level. All the water 
passages are completely filled with water, which acts upon: the whole circum? 
ference of the runner. Only a portion pf the power is derived from the 
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dynamic action dne 1o the velocity of the water, a large part of the power 
being obtained from the difference in procure acting on the front and hack 
of the runner buckets [2J. The draft tube allows maximum utilization of 
tho available head, both because of the suction crented below the runner 
by tho vertical column of water and because the outlet of the draft tube is 
larger than the throat just below the runner, thus utilizing a part of the 
kinetio energy of the water leaving the runner KM " w 
A comparison of various types of reaction runners of the same power, but 
of different specific speeds, is shown in Fig. 3. The top three sections show 



Fig. 3 Comparison of runner* of equal power but different specific speeds. D\ 
inlet diameter; JJ, disc lunge diameter. (Adapted from “Hydro frenrralion of 
Power" by Frank H. Rinsers, Trans, AaS'.CJE., Vol. 104, p. 061, 1039.) 

Francw-type runners and the bottom section a propeller-type runner. As 
the specific speed (Hee Section 5) is increased, the figure indicates that the 
ilow through the runner change's from radially inward to more nearly axial. 
Roughly the propeller runner may be considered us a development of the 
Francih type in which the number of blades is greatly reduced and the lower, 
band omitted. Strictly, however, the process of flow of water from the guide 
case to aiul through a propeller is quite different because of the large space, 
called the whirl chamber, between the stationary guide case and the entrance 
into the propeller runner. 

Figure 4 is a shop view of a partially assembled large Francis runner for the 
Dnicpro«*troi plant, Hiiwia, which clearly shows the shape of tho buckets, 
crown, and lower band. Figures 5 and fi are other examples of Francis runners. 
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Ik 4 Dnirpiostioi plint Russia, 84000-lip eisMitl Fionas runnel, 1165-fl 
head 883 rpm (Newport News) (Su Tiblr 1) 



Tin 5 Nugua Tails, New Yoik, 70000-hp tasl-strel Fianus runnei, 176-rn 
outlet diuuutei tunnel bolted to forged flange on mum shaft 214-ft head, 107 
ipm (bee Table 1) (Alba-Chalmen) 
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Francis runners having a specific speed of 20 to 100 may be constructed 
of cast iron, cast steel! or bronze, or with ca^t-iron or cast-steel hubs and 
rims and plate-sted. buckets. For heads above 250 ft, either bronze or cast- 
steel runners are recommended, us the tensile strength of ordinary cast iron 
is low and too great a thickness of section would lie required. For low- 
head conditions the plate-steel buckets have been used successfully up to 
75 ft. This construction greatly reduces the cost of building the r unne r, 
and it is entirely suitable for these 
conrlitions as the plate steel is an 
excellent metal for this purpose and 
by proper treatment a practically 
I>erfect bond can be made between 
the end of the blades nnd the cast- 
iron or cast-id eel hub. Plate-steel 
buckets, being thinner than cast 
buckets, allow more water to pass 
through the runner and, consequently, 
more power to lie obtained for the 
sume size of wheel. 

Propeller Runners. Inherently suit¬ 
able for low-head developments, the 
propeller-type unit has efferted 
marked economies within the range 
of head to which it is adapted. The 
higher speed of this tv yie of turbine 
results in a lower-east generator and 
somewhat smaller powerhouse sub¬ 
structure and super*-trurture. 

Fixed-blade Type . As shown by 
Fig. 19 the fixed-blade propciler-tvpr 
unit has a high efficiency (8N% m this ease) at a point near full load, but 
the efficiency drops off rapidly as the load decreases, until, at 40% of full 
load, the efficiency is only about 50%. The installation of the fixed-blnde 
propeller-type runner should therefore be limited to developments where 
the units may be operated at a point near maximum efficiency or not at all, 
and where, under variable head, the load of the unit could be shifted to an 
output resulting in test efficiency [22]. 

Figures 7, 8, and 9 show examples of propeller-type runners with fixed 
blades. Runners of this type have been in commercial use in the United 
States since 1916. 

Materials . Propeller-type runners for low heads and small outputs are 
sometimes constructed of cast iron. For heads above 20 ft, they are made 
of cast htrel, a much more reliable material. Large-diameter propellers may 
have individual blades fastened to the hub. 



Fig. 6 . Wilson or Muscle Shoals; 
30,000-hp cnsl-iron Francis runner, 95- 
ft head, 100 rpm. Shows keyway 
and taper Hi for connection to main 
shaft. (See Table 1.) (I. P. Morris.) 
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Adjustable-blade Runner a. The adjustable-blade propeller type [4, 6, 9, 
10] is a development from the fixed-blade propeller wheel. One of the best- 
known units of this type is the Kaplan unit, in which the blades may be 
rotated to the most efficient angle by a hydraulic servomotor. A cam on the 
governor is used to caiuse the blade angle to diange with the gate position 
so that high efficiency is always obtained at almost any jiercentage of full 
load. Figure 19 shows the rharncter- 
ihtirully flat efficiency curve of this 
type of unit. Earlier developments 
in the United Slates provided for u 
maximum adjustment of the blades 
with turbine at rest to compensde 
for changes in the head or limitations 
of discharge (m*c Fig. 11 

Ah a step between the two, the so- 
called liiutorinatie type, which per¬ 
mits a manual or electric adjustment 
while the unit remains in operation 
(see Fig. 1 li), is used in the United 
States. 

Figure 10 is a diagrammatic sketch 
of a Kaplan uml |7| illustrating in 
particular hnw the blade angle is 
automatically adjusted lo obtain 
high efficiency at any gate opening. 

Here the hub is cut aw in showing 
the spicier and linkage which twists 
the lour blades as the servomotor 
piston within the hollow* shaft is 
raised and lowered by oil under pres¬ 
sure. Oil is admitted Mow the 
piston through the hollow piston md. 

The sliding cam connected to the gate mechanism which controls the oil to 
Ihe ocrvomolor piston is also shown iu the right-hand portion of the figure. 

By reason of its high efficiency at all gale openings, the adjustable-blade 
propeller-type unit is imrticularly applicable lo low-head developments where 
conditions arc such that the units must he operated at varying load and 
varying head. Capital cost and maintenance for such units are necessarily 
higher than for fixed-blade propeller-type units operated at point of maximum 

^Conswpiently, for n low-head development, with fairly constant head and 
comprising a number of units, consideration should be given to installing 
fixed-blade propeller-type runners for most of them and adjustable-blade 
propeller type runners for only one or two units |22j. Then the fixed- 
blade units could be operated at point of maximum efficiency or not at all 



Fig. 8. Norman Plant, Oulurio, Can¬ 
ada; 3600-1ip rufal-uofi runner and 
turbine n^embly, 124-in. diameter, 
120 rpm, 22.5-ft head and 147 specific 
speed. Three-blade runner, keyed to 
main shaft, cast-non speed ring, plate- 
steoJ draff tube and pit liner. (S. 

Morgan flraith.) 






El. -17.00 

Fin. 9 Grim Island plant, Troy, N. Y.; 2200-hp cost-stool proprlloi tui bines; 
four blades nisi separately. bolted together, ancl to forged flange of nnin shaft; 
13—ft head, 80 rum. A pioneer propeller plan! in the United States. (See Tabic 

1.) (Allis-Chalmera) 

Washington, installed in 1030. The six propeller blades are mechanically 
adjusted by turning a shaft located in the main shaft flange when the tur¬ 
bine ih at rest, requiring a total time of about 3 minutes from old load car¬ 
ried to new load carried. The figure shows the heavy journal bearing which 
must be provided to carry the heavy thrust load of the water and still 
allow the blades to rotate to change the pilch. Figures 12 and 13 show 
examples of motormntic and of governor adjustable-blade propeller-type 
turbines. 
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Oil-supply unit 



jOttl-dP* V*— Compensating rod 


Pustule 

load-on' 


Generator shaft 
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The Terry propeller turbine [101 shown in Fig. 14 is another form of the 
adju*tuble-blude propeller-type unit. Jt ha* movable blades pivoted slightly 
ahead of the normal renter of pressure so that the flow of water past the 
blades tend*, to open them against the resistance of a balanced piston wilhin 
the hub which is acted on by water pressure. This causes the blades to 
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Fio 11. Rock Island plant, Washington; 21,000-1ip, six-blade, adjustable Nitglri- 
type iuimer, 32-it head, 100 rpm. (Sec Table 1.) (Allfa-Chalmcrs) 

asMune automatically the most efhcicnt unglo for the flow of water admitled 
by the gates. The blades arc pivoted on ioiler bearings and are intercon¬ 
nected in a gre.isc-fiUed hub to the piston ind and balanced piston 

One of the advantages of this type of runner is that the blades open dur- 



Fia. 12. Montreal Island plant, Canada; 12.000-hp. 19614-in. adjustable-blade 
runner, 26-ft head, 85 rpm. (Allis-Chalmcrs.) 


ing starting, thus reducing the starting load on the thrust bearing. They 
also open in case of overawed, thus reducing the amount of overspeed. 

4. Selection of Type of Turbine. Section 3 has briefly described the 
various modern types of turbines and the conditions under which they are 
designed to operate. The problem confronting the engineer fa to determine 













SELECTION OF TYPE OF TURBINE 


the type and vetting that will mult in the most economical development un¬ 
der the given existing conditions Each t\pe of turbine ha* its limitations 
in ippluution The impulse wheel is, in general, used foi Aery high heads, 
,i)>ove 800 ft, although, in spend cases where it is used to drive plant semce 
equipment requmng small horsepower capacity, this t\pe of wheel i* used 
it holds mueh lower thin 800 ft By ttison of its lowei costs of parts 
exposed to natuial weir mil tear it may be pieferml to other types in cases 
where there is an excess ol water. 



rtf. 13 ItountvilU phnt, OifRon, 74000-h]. Kaplin tuibinc, 60-fl head 76 ipm 
(See Table 1 ) (8 Moigin bnnlh ) 


The Ft inns t\j»c con Ite efhmntly and fconomically employed at beads 
iinning horn 50 to S00 it One installition his licen in operition foi srv, ill 
sens undei i held of 060 it » Under such high heads the uiut should Ik- 
oticiated neir best point oi rffiucius (Heid) so ns to no.d excess,ve h>- 
dr iuIic weir, espcrnlh ai low p.rt load O r ent,n K wtter free of bind ind 
(hemirds is unions tide Theie i,c st,ll mmv plants installed lone More 
the development of the pi opt Ik r tv pc for he id* down to S f< for direct 
coupling to generitors, or fo, even lovu, beds, rmploving ljevel gtais or 
belt, or rope drives, to higliei-speed generator or transmismm-hne bhifts 

•At the N intahal i Development m North Cretan, tho 
of Amcilea m 1942 installfd a 60000-lip Fiuncis unit under a iatod head of 925 t. 
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The propeller type is generally used for low-head developments of heads 
from 10 to 80 ft, but units of this type have been used under heads somewhat 
exceeding 100 ft. The maximum head for which the propeller type can be 



used is, among other factors, dependent on the economic limit of preventing 
cavitation [51 by loading the setting of the wheel us discussed in Section 7 
The adjustable-blude propeller units are used in the same range of head** 
the fixed-blade propeller 1>pe and arc subject to about the same limitations. 

Othor factors affecting selection of a piopeller type as against the Francis 
type are: 















SPECIFIC SPEED 


(a) The propeller has a higher runaway speed, thus involving a correspondingly 
tnorr expensive design of generator. 

(?>) The l)} r draulic thrust in higher, requiring a more costly thrust bearing. 

(r) Figure 15 cleaily indirates that with innro-ing head tlic suit able nperific 
upr'cd becomen lower. For instance, for heads greuter than 100 ft it in below 90 
This brings it nearer to a Francis turbine nj^eed no that the over-all cost of a 
pro])oiler turbine and generator combined an cora]>ared with that of a Francis 
turbine and generator combined may not offset the increased cost of excavution, 
as outlined in Section 7. 

(rf) ()n account of the long passageway from the end of guide vanes to runner 
vanes of a propeller, it cunnot respond a * promptly to a load change rh can the 
Francis type, especially one jf moderate specific speed. Therefore, a propeller 
unit requires a rcluthrly larger WR 2 of revolving masses to assure the same 
stability. 


General rules may be Mated representing present-day good practice Buoh 
rules serve as a guide for preliminary design. Each individual plant, how¬ 
ever, has particular characteristic'* that make it differ from some similar 
plant previously built. The final decision, therefore, should be the result of 
considerable study as well as of consult at ion with exjierienced manufacturers 
and turbine designers |3, 4, and 51. 

In selecting a turbine an effort w made to use a type of runner which 
will give the required power at the greatest practicable sliced, for this re¬ 
duces the size and cust of livdnmlir and electrical equipment, and powerhouse. 
There are practical limits, however, for any given sot of conditions which 
restrict the singed that ran be used mid therefore more or less determine the 
type of wheel lo be installed The type of wheel is usually determined by 
the specific speed. 

6. Specific Speed. The ^KTific speed provides a means of comparing 
the spml of all t\pcs of hydraulic turbiues on the same basis of head anil 
horsepower capacity. A single runner having a higher sjicrifir sjieed than 
another therefore runs at a higher number of revolutions per minute to 
deliver the same hoisei>ower under the same bead. By definition, specific 
s]ieed is the number of revolutions i>or minute at which a given mnner 
would revolve if it were so reduced in proportions that it would develop 1 lip 
under 1 ft head. All homologous wheels of the same type, but of different 
size, have the same specific speed. 

The equation for calculating the specific sjieed for a given wheel from data 
obtained by test ia aa follows: 


where N» 
N 
P 
II 


AT. 


nVp 

H* 


specific siioed; 

revolutions per minute at full gate and head II ; 
horsepower ]>er runner; 
head in feet. 


[1] 
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Experience has determined that there is a range of heads and specific 
speeds for which each type of turbine is suitable. Sjjecial conditions may 
sometimes dictate departure from the common practice thus indicated. The 
tabulation shows the range of speed and heads at which the various types of 
wheels are commonly used. 


TrrJfl IIeao, ft 

Impulse* 800 and up 

Francis 50 to 800 

Propeller 15 to 100 


N. 

(7) 5.5 to 3 (per one jet) 

(110) 80 to 22 

(200) 170 to 85 


An empirical equation which may be used to determine the desirable specific 
sjieed for Francis-type wheels is 

"• ■ irrs+ 19 

where H is head in feet. 

A similar equation for propeller wheels is 


A r . 


7000 _ 
if + 32 


+ 35 


18] 


These equations are based on a tftuly of a number of successful installa¬ 
tions and though they cannot be considered absolute in goner id they repre¬ 
sent conservative practice for ''normal" settings. (See also Section 7.) 

Then* is c|iute a gap lictween the specific speed obtained with ail impulse 
w T heel and that with a Francis turbine, on the basis of the same head and 
output. E\cn a four-jot arrangement will bring the siienfic speed to only 
11 for 800-ft head, against one of 22 for a Francis type. In certain cases it 
is necessary to design a Francis Ivpo of lower than 22 specific speed. Fairly 
satisfactory Francis-type units of as low as 13.5 specific speed are in commer¬ 
cial use w’here it was necessary to match the revolutions per minute of an 
existing generator (Olnistead plant, Provo, Utah, head 330 ft, capacity 
3600 lip, speed 300, N § - 12 8). 

Figure 15 shows curves of specific speed against head based on the above 
equations which may be used in preliminary studies to determine the ap¬ 
proximate specific speed and the type of wheel to be used. 

The adjust ablc-blade propeller type gives about 20% more power than 
the fixed-proj)eJler type for the same head and dianieler. For the same 
power capacity, therefore, about 10% less diameter is required and the 
speed is about 10% faster than for the fixed-blade type. Therefore, in using 
Fig. 15, the specific speed of the adjustable-blade unil may be assumed ns 
about 10% higher than that of flic corresponding fixed-blade wheel. 

Usual specific speed WJ for impulse wheels for various heads is given 
in Fig. 15. Equations for the specific rqierd of iTiijmlHe wheels for one and two 
jets, when the diameter of jet and pitch circle are known, are given in Sce- 
tion 12. 



SPECIFIC SPEED w 

It fahonld he pointed out tint, m a prwlitd mitter, theie n considcmUe 
latitude 111 the specific speed of lunners wluch fan advised]) be used for 


Head, feet 



given conditions of lieul md powii, provided that (lu dn itinn of the 
runnel, in reiennee 1o tulwitcr, is such is lo ivoid dinner from senous 
cavitition is discus^d in Serf ion 7 I ho rclitionship between specific 
speed (#,), hcul, ind setting m rr lit ion lo tnlwator (//„) is shown in 
Fig 18 
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To transfer specific speed given in metric units to the Engliwh system, 
the following equation may be used: 

JV.(English) - N # (metric) X 4.45 [4J 

0. Short-cut Determination of Speed and Diameter. In preliminary 
studies, knowledge of the approximate cost of the turbine and generator as 
well as that of other equipment for the plant is frequently desired. Speed is 
an important determining fuctor of cost, particularly for the generator. The 
suitable specific speed having been found from Fig. 15, the use of Fig. 16 
for Francis runners will be found convenient in such preliminary studies, 
if the specific speed (JV,), the capacity, and the head of the desired unit are 
known, the approximate revolutions per nynute may be quickly found, or if 
head, horse]lower, and revolutions per minute are known, the approximate 
specific speed (N B ) may be found. 

Thus, assume that the desired specific speed (A^ f ) is 70, the horsepower 
20,000, and the head 70 ft. Beginning ut the top of Fig. 16 at - 70, 
follow down a vertical line until it intersects the slanting head line for 
H - 70 ft; then from this intersection follow across a horizontal line until 
it intersects the slanting line for hp - 20,000, and read at the bottom of the 
figure Ihc resultant speed, which is 100 rpm. If the ^peed rend from the 
diagram is not a synchronous speed, determine the nearest synchronous 
speed by means of Eq. 17. 

The diameter of the runner eontributi'S to the determination of the sparine 
of the unit* and is thus one of the most important elements in determining 
the cost of substructure, superstructure, and width of tailraee. 

For such preliminary studies, Fig. 17. giving the approximate runner 
discharge diameter of Francis units for various heads and cnpariliea of units, 
will lie helpful. Though this diagram docs not indicate the specific speeds 
for the various heads, the runner diameters have been so selected that they 
correspond to the average type of runner which is used for the particular 
conditions of head. 

Once having the runner discharge diameter, the engineer may determine 
the principal dimennions of the power plant by the use of Fig. 20, applying 
to vertical-shaft spiral-case setting. 

Figures 16 and 17 should be used only as a short cut or first approach in 
determining speed and diameter in preliminary computations, but, in gen¬ 
eral, results obtained will be on the side of conservatism Even in pre¬ 
liminary studies, it will also be found desirable to determine approximate 
speed and diameter and setting by the more accurate methods outlined 
below. 

7. Cavitation. The use of a runner having a specific speed greater than 
the recommended values (see Fig. 15) may result in cavitation. This may 
be avoided by setting the runner at a lower elevation, resulting in increased 
excavation L5]. 





CAVITATION 



Cavitation occurs .when the vacuum normally found at local points within 
the runner and draft tube reaches a value at which bubbles of water vapor 
are formed. These bubbles suddenly collapse with a violent action farther 
along the path when the pressure is slightly increased. The pressure at 
which vapor is formed is dejiendcnt on the atmospheric pressure and water 
temperatures. 
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Fi« 17 Di-soluirgo diamptrn of Francis runaeis required to develop various 
capacities undu different hoods. Based on normal specific speed 

Extreme captation catiM* a lose of efficiency but continued action con¬ 
fined 1o local h])ot« may result only in pitting of the metal and concrete sur¬ 
faces where the 1 nibbles of vapor collapbc, breaking down Ibc -urface so Unit 
the clean metal exposed oxidizes rapidly and evcnlually produces a cavity. 
By this continued process, honeycombing of the material of the runner or 
draft tul>e results. Pitting may also occut from other causes such os the 
action of acid waters. 

Where cavitation is bad, runner blades having a thickness of 1 in. may be 
corroded through in lost, than a year's operation. The u'-ual method of re¬ 
pair is to weld on new material as described in Section 23, Chapter 44. 
POToua material* like ra«.t iron are least restive to damage, whereas mate¬ 
rials of a dense, homogeneous structure are better suited to re«ut cavitation. 
Some manufacture™ cast a depression in the surfaces particularly subject to 





HYDR VXJLTC TURBINES 


[Chap 38J 



Fra 18 Chart showing ictoinmrndnd height of setting for hydraulic turbines 
for puliminai} studies only 


zx Francis distanca from bottom of runner to tailwator with ono unit at full gate. 

* Propeller distance from 4. of blades to tailwator with one unit at full gate 
Values of H, are for barometer at 29* of mercury at sea level, water temperature ■! 
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cavitation damage and weld in stainless steel. Damage to the runner^ Usually 
takes place on the back of the bucket or blade near where the water leaves 
the wheel, ./.'V 

High velocities with sudden changes in velocity which result in low- 
pressure areas are conducive to cavitation. This can be avoided either by 
improved design which eliminates sudden changes in curvature and/or by 
lowering the setting of the runner with reference to tailwater, so that a 
vacuum sufficient to produce vaporization will not occur. In some cases it 
is necessary to set the runner below tailwater level. This is particularly 
true of propeller turbines [5]. 

In general, the higher the specific speed of the runner for the same power 
and head, the higher the velocities through the runner and, therefore,, the 
lower must be the setting to avoid cavitation. As the head is increased on a 
runner of given specific speed, the velocity through the runner becomes higher 
and the setting must be lowered accordingly to avoid cavitation. 

The safe height of setting above or below tailwater (the value H a in Fig. 
IS) varies with the head and specific speed and may be determined by tests 
of model runners in especially equipped cavitation laboratories or by past 
experience records on existing installations [14], 

Since there is considerable variation in the operation of hydroelectric 
turbine units, it is impossible to state rigid general rules for defining the 
setting for a given turbine. For a plant with a large number of unite, it is 
possible that one unit will be operated alone only a relatively few hours a 
year. If all the units are set at an elevation corresponding to the low tail- 
water ( H g of Fig. IS) obtained with only one unit operating, then the deeper 
tailrace excavation which is required may be too expensive. Often it is more 
economical to repair, once a year, by welding, the damage done by cavitation 
than to prevent all cavitation. (Sec Chapter 44, Section 23.) 

Figure 18 is a chart, showing the setting for Francis and propeller runners 
of different specific speeds at different heads. In general the values given by 
the chart in Fig. 18 are conservative and are intended to be used for prelimi¬ 
nary estimates only. Final value of H n should be determined by consultation 
with the turbine manufacturers, and in some cases model cavitation tests may 
be desirable [14]. Examples of the use of this chart for determining the 
height of setting arc given in Sections 15 and 16. 

8. Efficiency of Turbines. Consideration must be given, in selecting the 
type of wheel for any set of conditions, to the matter of part-load efficiency. 
The maximum efficiency at normal specific speeds has been developed so that, 
for runners varying from 20 to 160 in specific speed, a maximum efficiency 
of 90 to 92% may be expected with a properly designed vertical-shaft netting. 
For specific speeds up to 200, maximum efficiencies above 88% are common. 
For impulse wheels the maximum efficiency is usually between 85 and 87%. 

The part-load efficiency differs greatly for different specific speeds and 
types of turbines. The percentage of load at which the maximum efficiency 
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occurs varies somewhat with the specific speed, although the turbine manu¬ 
facturer can usually vary this condition considerably to suit the customer’s 
needs. The following table and the curves in Figs. 19, 20, and 21 show the 
variation in part-load efficiencies with different types of wheels. 

TABLE 2 

Typical. Part-load Efficienc y of Turbines for Various Specific Speeds 
Values taken irom Figs. 19, 20, and 21 

Per (Vnt Efficiency Per Cent 

----» Ijoad for 



Specific 

l 

i 

1 

! 

Full 

Maxi- 

Maximum 

Type 

Speed 

TjOacI 

Load* 

Jioad 

Load mum 

Efficiency 

Impulse 

5 

81 

86 

87 

85 

87.1 

70 

Francis 

17 

02 

S3 

88 

83 

88 

75 

Francis 

25 

00 

85 

90 

84 

90.2 

80 

Francis 

50 

59 

83 

90 

85 

91.5 

85 

Francis 

75 

54 

82 

91 

86 

91.0 

87.5 

Francis 

92 

47 

71.5 

85 

87 

91.5 

92.5 

Francis 

103 

55 

74.5 

86.5 

86 

92.5 

92 

Fixed-blade pro¬ 
peller 

155 

45 

70 

81.5 

82 

91.5 

92 

Fixed-blade pro¬ 
peller 

180 

32 

59 

78 

84 

88 

96 

Adjustable-blade 

projK'ller 

169 

83.5 

91 

91 5 

87 

91.6 

70 


Except for the Kaplan turbine, it. is seen that, as the specific speed in¬ 
creases, the average part-load efficient decreases Figure 21 shows a com¬ 
parison of the part-load efficiency of the Kaplan, propeller, and a very high¬ 
speed Francis runner. 







NUMBER AND SIZE OF UNITS 


The part-load efficiency characteristics may affect the choice of the type 
of wheel to bp used' For a plant with a variable Load the advantages of the 
higher specific speed wheel miy be offset by lower part-load efficiencies. 


Percentage of full load 

0 10 20 30 40 50 60 70 BO 90 100 



Fit 20 Efficiency tuivi foi impulse wheel N a — 5 


Percentage of full load 



Fm 21 Effmtncv mr\ of wiinst >l)lp-hl ide piopellcr, 164 ipm; fited-blade 
piop*>lUr 150 1 pm. and Tram is tui lone 100 ipm, 38-ft head, 9500 hp (8 Moigan 

Smith ) 

9. Number and Size of Unit*. In determining the number and rise of 
units for any given development, due ronsirtrntion should be given to avail¬ 
able uatci supply, its distribution throughout the year, pondage available, 
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and the size and characteristics of the connectcd-load curve [3J. (See also 
Chapter 10, Section 4.) 

All other things being equal, the larger the size of the individual units, the 
lower will be the capital cost and the cost of maintenance per kilowatt. It 
is obvious that it would nut be desirable to have a one-unit plant if this 
unit were the sole source of power for the connected load, nor would it be 
desirable to install in a run-of-river plant a unit so large in relation to the 
available water supply that it would have to operate at low gato opening a 
material part of the time. Also, a unit should not be larger in capacity than 
the minimum load of the system to which it is connected. 

The number of units may be affected by the part-load characteristics of 
the turbines selected. For a plant with a variable load, if the wheels huve a 
relatively poor part-loud efficiency, there is more advantage in increasing the 
numlier of units and decreasing their size, for then the lighter plant loads 
become a greater percentage of the unit capacily and the plant efficiency is 
thereby increased, since some of the units' will be shut down at the light plant 
loads. This gain in efficiency is offset by an increased rust per installed horse¬ 
power with smaller units. The final choice involves an economic study in 
which the value of power, fixed charges on the units, and other factors must 
be weighed [_15]. 

In a plant using propeller wheels with a variable load, the combination of 
some fixed-blade units and some adjustable-blade units can be operated so 
that at the very small plant loads only the Kaplun units will Ik 1 miming, pro¬ 
ducing the power at higher efficiency than if all units were of the fixed-blade 
type [221. 

10. Homologous Equations. Tlic characteristics of each type or design 
of turbine are usually determined by the manufacturer by a careful test of 
a homologous model. The characteristics of the full-size runner can then be 
predicted within engineering accuracy by means of the following homologous 
equations, provided that tlic setting, gate angle, and velocity ratio are the 
same for model and prototype. 

The velocity ratio, sometimes known as 0 (plii), the peripheral coefficient 
or speed factor, is the ratio of the pcriiihoral velocity of the buckets at the 
nominal inlet diameter to the spouting velocity of water under the head 
acting on the turbine: 

. w(/>i/l 2 )(tf/ 60 ) 

* 

where Di = inlet diameter of runner in inches; 

N = revolutions per minute; 

4 = peripheral coefficient; 

g = acceleration of gravity = 32.2 ft per second per second; 

h ™ head in feet. 

A curve of <j> at best sliced and full gate plotted against N 9 is shown in Fig. 22. 
The peripheral coefficient should not exceed the value given in Fig. 22. ThuH, 
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if we consider a Francis runner with a discharge diameter of 120 and an 
of 40, we see from Fig. 22 that the inlet diameter should be 102%% of the 
discharge diameter, or 123 in. 



20 40 60 80 100 120 140 160 

Spacfflc spaed — N, 


Pin. 22. Inlet diameter and peripheral coefficient for 100-in. discharge diameter. 
Tliua, if the specific Rprcd of a Francis r unn er is 65 and its discharge diameter 
is 130 in., its inlet diameter should be 0.80 X 13° ~ 134 in. 


Knowing the efficiency, speed, power, and discharge of a runner of a given 
diameter at n given head, we may calculate directly from the following equa¬ 
tions the power, speed, and dUrharge of a homologous runner of a different 
diameter, under a different head, for the same efficiency. 

For constunt diameter, 


Pi (H a \H 
Pt w 


[61 


A T s _ /Hi\K 

Si \lh) 


m 


For constant head, 


<h (H*\ M 

Qi ' W 



[ 8 ] 

I**] 


Ni dj 

A T , “ d, 

Qi (dt\ 2 
Qx W 


[ 10 ] 

HI] 


where Pi and Pj * horsepower for different conditions; 

di and = runner diameter, in inches, for different conditions; 

H\ and Hi = head, in feet, for different conditions; 

Qi and Q« 33 discharge, in cubic feet per second, for different conditions; 
JVj and Ni = revolutions per minute for different conditions. 
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These six equations may be summarized as follows: 

The horsepower of a runner changes as the square of its diameter, as the 
three-halves power of the head, or directly os the discharge. 

The revolutions per minute of a wheel change in proportion to the square 
root of the head and inversely in proportion to the diameter of the runners. 

The discharge from a wheel will vary in direct proportion to the power, as 
the square of the runner diameters, and as the square root of the head. 

For example, let a known runner have the following characteristics: 

Pi - 1000 hp 
di = 50 in. 

Ih = 100 ft 

N\ — 180 rpm 

Qi 100 eu ft per second 

Let it be desired to know the required diameter, sjiced, and discharge of a 
runner to operutc at 150-ft head and give 2<KK) hp at the Mime efficiency. 

From Eqs. 0 to 8 the characteristics of the known runner under 150 ft head 
would be 

P, = 1000(J-^2)* 4 = 1837 hp 

N, - 180(^5)* = 220 rpm 

Qi = lOOCiSJ!)* 4 = 122.5 eu ft |x>r second 

To give 2000 lip under this head of 150 ft, the turbine must have the following 
characteristics, from Eqs. 9 to 11: 

di = SOfJSS?)* = 52.2 in. 

A'j = 220 = 210 rpm 

52.2 

( 52.2\ 2 

^ = 133.4 cu ft per second 

11. Diameter and Speed of Reaction Turbines. When the specific 
speed and power per unit have been selected for the given conditions of head 
and plant discharge, it is posable to determine the physical size of the tur¬ 
bine. To a large extent the diameter of the turbiue determines the dimen¬ 
sions of both the substructure and superstructure of the power plant. 

The nominal diameter, the -ize by which a given wheel is kne wu, is different 
for different types of wheels. For Francis runners the nominal diameter is 
taken by some manufacturers as the average inlet diameter and by others as 
the discharge diameter. In order to be consistent, the nominal diameter is 
taken as the discharge diameter in this book. The discharge diameter is meas¬ 
ured at the bottom where the water leaves the runner, as indicated in Fig. 3. 
The relation between inlet and discharge diameters for Francis runners is given 
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of the theoretical velocity under the net head acting on the nozzle. From this 
it can be stated that, for the best speed of an impulse wheel, 


\/2gH X 0.46 X 60 = 845(g)* 
" ” 3.1416 X D/12 ° D 


[ 12 ] 


where N = beet speed, revolutions per minute; 

H = head on nozzle, feet; 

D * pitch diameter of bucket circle, inches. 

The equation for the full-load horsepower of an impulse wheel with a single 
power jet is as follows, assuming a full-loud efficiency of 85%. 


0.85 X 0.7854 X rf* X 62.5 X y/2gH X H 
144 X 550 


(PII H 

240 


[13] 


from which diameter in terms of power 


d 


1 o.sVp 
//** 


[14J 


where d » diameter of free jet, inches; 

// = head on nozzle, feet. 

If two power jets of diameter d nre Used and so disposed 1 hat they do nor 
interfere, the power is twice the value gi\en by the abu\e equation. Stnellv, 
it in a tnfle more lieeause windage and friction remain as before. The best 
speed with two jets is practically the same as with one jet. 

The dinmeler of the nozzle opening at I he tip is usii.dh from 10 to 20' r 
greater than the free jet diameter, dcjiendmg on the design of the un/zle 
and needle tip. 

From the above two equations for sjieod and power it is po^ible lo show 
that the specific sliced of a single jet impulse wheel 


’for efficiency — 85% 

for 0 =-0.40 1151 

for jet velocity r = (UW5v/20/i 

whew* rf and D are the diameters, in inclien, for the f:oo jet nml pitch circle of 
the runnci', reflectively. Impulse wheels with low ific «|»oed (.V, of 4 to 5i 

give the hmt efficiencies. On the other hand, higher speed means lower capital 
cost. 

For an impulse wheel with Z jets, the t ;x*cific sjiced is derived as fellows* 


N . 


845Vg rfg'* 1 rf 

D X 15.5 g'* “ ’ I) 


N. applies to one jet. 


N: = N,\,'Z 


H«l 


For Eq. 15, if cfficiti.-y in different irom the H5", 
by ratio of efficiencies. 


anMinv*d, multiply 
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For practical reason* the diameters of jets commonly used are not greater 
than 8 in,, although a jet 14 in. in diameter has been successfully used* If 
it is desired to transfer specific speed English system to specific speed metric 
system, or vice versa, Eq. 4, Section 5, may be used. 

Wilh the wheel and jet diameters D and d obtained as described above, it 
is dchimble to determine the diameter of nozzle pipe (and shutoff valve con¬ 
nected thereto), width of wheel pit, and size of buckets. 

The diameter of the nozzle pipe should be 3.5 to 4 times the jet diameter 
d. The velocity through the nozzle-pipe inlet should be limited to 0.1 V3 TgK 
for low head* and not over 28 td 30 ft jier second for high heads. The width 
of the wheel pit should lie about 10 times the jet diameter d if one jet is used 
per wheel and correspondingly greater if two jets are, employed, depending 
on how they are disposed on the wheel. 

13. Synchronous Speed. Since modern hydraulic turbines are usually 
directly connected to altcraiting-current generators which must run at syn¬ 
chronous speinl, the liest speed at which the turbine is designed to run should 
correspond with the generator synchronous speed as closely as possible. The 
general or must have an even numlier of pole pieces, each of which may be 
considered as producing a half cycle. The synchronous speed for the gen¬ 
erator is 



[17] 


where p = the number of pole pieces and must lie an even whole number; 
A r — revolutions ]jer minute; 

/ = the cycles per second. 


It is not usually ixis^ible to match a synchronous sjiced exactly with the 
best s]ieed of the turbine. Ordinarily, if the speed of ojieration is within 
Fi r / f of the Impj- 1 speed of the* runner, no appreciable decrease in efficiency 
occurs. The allowable variation in s]>eed varies with the type of wheel used. 
It might also lie noted here that a similar effect can be obtained with great 
fluctuation in head, and where large head variations are encountered a study 
of the effect on the efficiency of the runner selected should be made. 

To vary the eyries with an existing generator of f polos (Eq. 17) the revo¬ 
lutions ]ier minute (N) of the prime mover must lie changed accordingly. 
The exchange of energy from one system of one fixed numlier of cycles to one 
of another number of cycles requires a curresjxmding speed change of prime 
mover at the plant. 

The southern part of California, for instance, still haw an extended dis¬ 
tributing system at 50 cycles, but also one of 60 cycles. Blocks of hydro 
energy arc frequently delivered 1o one system from the other system. Thus 
units at the United States Hoover plant and several units of plants at Big 
Creek, California, of the Southern California Edison Company, Los Angeles, 

* See Table 1, San Vrancisquito No. 1 Plant. 
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and also sonic units of the Bureau of 3 > owcr and Light, Los Angeles, San 
Francisquilo No. 1 Plant, and Big Creek Plants No. 1 and No. 2 A may be 
operated at cither 50 or 60 cycles. 

With impulse-wheel units, the change from one cycle speed to the other 
can be done without appreciable sacrifice in efficiency, thanks to the flexi¬ 
bility of design of buckets and to the fact that ojieration is as smooth at one 
cycle speed as at the other. 

Francis turlrines, though not showing serums *ucrifice as to either effieioney 
or output, do not operate with equal smoothness at both cycle sjweds. 

14. Example of Selection of Runner for Low Head. The following ex¬ 
ample is given to illustrate the method in which the graph* and equations 
in the preceding sections may l»e used to determine preliminary dimensions 
of turbines so that other ixirts of the power plant may be proportioned to 
obtain a preliminary design and (Minnie. 

Suppose the net head on a proposed plant is 70 ft, the discharge capacity 
per unit 600 cu ft per -ecuml, expected full-gate efficiency SS f {, and the unit 
is to be connected to a 60-cvcle generator. Determine the specific spi'ed, 
diameter, and revolutions per minute suitable for the turbine. 

Solution: 


horsejxiwer per unit 


62 4 

* Head X Discharge X Efficiency = 

•)tHl 

62.4 X 70 X 600 X 0.XX 
’ ' 550 


4200 hp 


Specific Sjteed. Figure 15 shows that the recommended sjieeifie sj»eod (X a ) 
at 70-ft heiid for a Francis wheel is 60. 

Use the curve for horsepower at 1-ft head for a lOO-in.-diameter Francis 
wrheel in Fig. 23. It is found that horsepower for 1-ft head is 14.7 for a Francis 
runner having an A*, of 60. 

Discharge Diameter. The alioye horsepower is few a lOO-in.-diameter runner 
at 1-ft head. The given head is 70 ft. Therefore, using Eq. 0, Section 10, the 
horseiMiwer of a 100-in .-diameter wheel at 70-ft head will, for Francis unit A r If 
lie 69. 

Pi = (![A h Pi ( 70Vf 
P\ " \Hi) “ 14.7 \ 1/ 

Pi = 70 V 70 X 14.7 = S620 lip for 100-in. runner 

But the desired power of the wheel i* 4200 lip; amrilinf^j, to find the tequired 
difldmrgc diameter use Kq. 9, Section 10: 

Pi = /rf # \ 2 = 4200 / y 

I\ \d\) 8020 " V'fOt)/ 

from which da* — 0.487 X 1 0,000 
da - 70 in. 
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which is the required discharge diameter of a Francis runner having a capacity 
of 4200 hp at 70-ft head. 

Revolutions per Minute . As yet, it is not known at what number of revolu¬ 
tions per minute the turbine will revolve. Using Fig. 23, it is found that the 
revolutions per minute for a 100-in. Francis runner at 1-ft head, having an N t 
of 69, will be lfi.2. 

But the head is to be 70 ft. Using Eq. 7 of Section 10, 

Nt (Ht\H N l [70 

Nx “ \Hi) 15.2 " V 1 

Nt - 18.2V70 = 152.8 


which is the revolutions per minute of a 100-in.-diameter Francis wheel iiaving 
an N, of 69 at 70-ft head. 

But it is already known from the al)Ove that the diameter of the 4200-lip 
Francis runner at 70-ft head is 70 in. Therefore, use Eq. 10 of Section 10, 

N 2 d x 3 100 

Ni " d % 152.fi * 70 


.V 


2 


IOC) X Ki2.fi 
'70 


218 rpm 


A'* may also Im» found from Kq, 1, wlience 


„ 69 X 70*« 

Aj =■ —— — 

V+200 


21(1 


The speed may also lie found from Fig. 16. 
60 cycles), 


N 


7200 


Using Eq. 17, Section 13 (for 


218 => 


721)0 

P 


we find that P, the number of imles, would be 33, which is not an even whole 
nuinlier and therefore 218 would not lie a synchronous speed. Jf we use 32 poles, 
the revolutions per minute for 60 cycles sliced would be N — 7200^32 = 225 
rpm, which is near enough to be satisfactory for the purpose. 

Summary of Finding*. For a 4200-lip Francis runucr to be connected to a 
00-cycle generator at 70-ft head, it lias l»ccn determined that 

s]>ecific sliced N, - 69 
discharge diameter « 70 in. 

speed = 225 rpm 
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For determining these characteristics for a fixed-blade propeller or for an 
adjustable-blade profiler, the procedure would be similar, using the proper 
curves of the same Fig. 23. 

16. Example of Height of Setting of Runner. Assume that the plant 
in the preceding example is located within 100 ft of sea level, whore the 
lowest barometer reading will be about 29 in. of mercury, and the water 
temperature about 70 degrees Fahrenheit maximum. The recommended 
height of setting H„ which is the vertical distance from low tail water to the 
bottom of the Francis runner, is obtained from the chart on Fig. 18 as follows: 
The rated head is 70 ft, the value of A r * is 69. A straightedge plan'd so that 
one enrl rests on 70 on the head scale at the left and crosses the siiecific-speed 
line at 69 intersects the //„ liue on the right at about 7.5 ft. Thus the recom¬ 
mended height of setting for the bottom of the Francis runner is 7.5 ft. The 
approximate distance from the bottom of the' runner to the center line of the 
distributor is given on Fig. 29 as 0.37 D or 037 X 7r ha = 2.2 ft. 

The center line of the distributor is thus found to be 7.5 4- 2.2 = 9.7 ft 
above low tailwater for the Francis runner. 

A higher-sliced Francis runner may he used b> lowering the setting. Fig¬ 
ure 18 shows that a Francis runner with a specific speed of SO may be used 
at 70-ft head provided that llu* distance from the bottom of the runner to 
low-tail water level is made 0.5 ft. 

Going through the same procedure as in the example given in Peel ion 14, 
but with A\ - SO, it is found that, fur a 4200-hp Fronei- wheel at 70-ft head, 
the discharge diameter would he 05.5 in. and the revolutions per minute 
woidd be 257 Manifestly, there would be some saving in the cost of gen¬ 
erator and turbine over the cost for the 70-in .-diameter wheel at 225 rpm. 
On the other hand the required low setting 0.5 ft above minimum low tail- 
water might make the total ro-t greater than for the 70-in. wheel. This is just 
one of the factors that nuM Ik* etmodern! in selecting a turbine. 

If the tailraee elevation of the plant was 5IX) ft above sea level and the 
water temperature reached a maximum of 90 ^ F, the table on Fig. 18 shows 
that the setting of the runners would be 1.5 ft lower than when the plant 
is located near sea level with a maximum water teinjieratnrc of 70° F. 

The values given by the chart in Fig. 18 repri*sent average safe conditions 
and are intended to be used for preliminary investigations. A turbine manu¬ 
facturer may suggest changing the value of H 9 several feet to suit the condi¬ 
tions for his particular runner. 

The above exnmplo is based upon the assumption that the net head 'if 70 ft 
remains practical^ constant during the season. If thu> is not so, a runner 
should lie selected of such characteristics diat the total kilowatt-hours avail¬ 
able from head and water quantities during the year are (he maximum. As¬ 
suming, for instance, that the unit draws from n storage r^ervoir so that the 
available head decreases '*ri ard ilie end of the season, then a runner with a 
lower speed and a greater ucxibility in effici* noics should Ik* considered. 
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16. Example of Selection of Runner for High Head. The head is 

i0) ft (assumed to remain constant); the total discharge capacity of one unit 
is 200 cu ft per second. Determine the type, size of whed, and speed. 

For this illustrative example, both the impulse and Francis lyjjes will be 
consuleied and compared. 

The mi] ml-»c wheel must he set above the level of high tailwater to avoid 
drowning the jet. 

Rcfeienre to Fig. 20 shows that the maximum efficiency to be expected is 
S79J and full-load efficiency is about 85S{. The horsepower capacity of the 
impulse unit is then 


02.4 X 700 X 200 X .85 - 
650 


13,500 lip 


tt/)ecific Speed and Type. Figure 15 shows that the recommended specific 
speed at 700-ft head is. 0 for an impulse wheel. 

If a single runner and nozzle is used, the horsepower per runner is 13,500. 
If a double overhung unit having two runners, each having one nozzle, is used, 
the horsoixmcr ]»er runner U 0750. 

Dianuter of Jctx. From Eij. 14, Section 12, the diameter of the jet may be 
found as follows: 


d - 


i. vivV 

//'« 


, y/ 13,500 

n)>i) — , 


13.25 m. for single runner 


Wing the same formula, but with P - 0750 for u double overhung unit, the 
diameter of each jet (one jet jier wheel) — 0.37 in. for double runner. 

PiUh Diaweter af Riumcr. From Eq. 15, Section 12, the diameter of the 
pitch circle of the wheel is 


54.fx/ 




54.5 X 13.25 inA< . . . 

--= 120 in. for single runner 


Similarly, for the double unit, 


1) 


«>4 ,) X 0.3* .. * . 

— -j.-as. pitch diameter 


S5 ui. diameter 


Spqed> The best s]>cc<i, as found from Eq. 12, Section 12, would be 


Mtsy/fi _ S4fiy/7U0 

A " ri~~ 120 


187 rpm for single runner 


Similarly, 


iV 




203 rpin for double runner 


85 
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Synchronous speed for 00 cycles (Eq. 17, Section 13) 

p B = 36.5 (use 38 pole pieces, single runner)* 

AT 187 

N = - T -^ = 180.5 rpm for single runner 

Similarly 

p = = 27.4 (use 28 pole pieces, double runner) 

X = ijjg® = 257 rpm for double-runner unit 

Summary . The data for a Francis-type wheel, worked out in the sume 
manner as the example in Section 14, are gi\cn for comparison with the im¬ 
pulse units. It happens that, if the maximum recommended s]K'cifie sliced of 
20 for 7U0-ft head is used, the l>est speed becomes 70S rpm. Hydraulic tur¬ 
bines, especially in vertical setting, are usually not run at speeds iinirli 
greater than GOO rpm in the larger sizes, so that the data for a specific speed 
of 20 were used tor this example. For probable efficiency see Fig. 10. 




SlNOLK- 

Douhlk- 



imitlse 

IMPVIjSK 


FltANCIS 

Kl'NNKB 

Ih’KSLH 

Specific speed 

20 

0 

6 |>er jet 

Jet diameter 

. . 

13.25 in. 

9.37 in. 

Wheel diameter 

40 in. discharge 
G3 in. iidel 

120 in. pitch 

85 in. pitch 

Best speed 

G15 rpm 

187 rpm 

263 rpm 

P vi i eh mnous spc(*d 

600 rpm 

189.5 rpm 

257 rpm 

Number of pole pieces 

12 

38 

28 

Head utilized 

700 

700 

700 

Maximum efficiency 

00 

87 

87 

Full-load efficiency 

85 

85 

85 

Full-load horsepower 

13,500 

13,500 

13.500 


Examination of the data in the above summary i-huw-’ an advantage as far 
as sjjeed is concerned m fa\or of the Francis wheel. Thn advantage may be 
offset, however, by other item-,. It h verv like*v that the size (total cubic 
feet) of the poiverhou.se will be greater for the France runner than for the 
impulse wheels, since the w r afer passages for such a highspeed unit will prob¬ 
ably detemiino the unit spacing. The sub-tnictme ./II lie deeper for the 
Francis runner, although reference to Fig. 1.8 slums that the bottom of the 
wheel may l>e set 11.5 ft above tailwaler The powerhouse superstructure 
will be higher for the France- uml if this v heel runs on a vertical shaft Tlicic 
is no advantage in efficiency over die impulse wheels, su<i*e at high heads the 
sealing rings won Ixroiue worn mid leakage losses result. One advantage of 
the Francis unit is that, m a • im-’.y comparable basis, it won! 1 have a slight 1> 

* A 38-pole generator nor being standard may cost more than a 30- or 40-pole. 
Therefore, the speed may be chosen accordingly. 
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greater effective bead (ptirhapg 5 ft) because with the impulse wheel the head 
from the center line of the jet to the tail water is discarded. In the example 
this is not considered. If the difference were 5 ft, it would amount to only 
about 0.7% of the 700 ft. 

This question of Francis versus impulse wheels at high head, particularly 
with regard to efficiency, is one on which not all engineers are in agreement. 
If scaling rings are tight as when the unit is first placed in service, the effi¬ 
ciency oi the Fiuncih unit is usually considerably higher than that of a cor¬ 
responding impure wheel. Thus, at the Nantahula development of the Alumi- 
niun Company of America in North Carolina, a Francis umt (Newport News, 
1942) gave a maximum efficiency of 93.7% on test. This wab a 60,000-hp unit 
under 925-ft heud, 450 rpm, specific sliced 21 .G, 

The faingle-ruiiiier impulse rtbecl is the lowest in sjieed and ulso requires 
an exceptionally large jet, calling for heavy nozzle equipment. The double 
overhung runner ojxTateb at about 50% higher speed and requires nozzles 
of more common Mze. The final selection should be based on a complete pre¬ 
liminary estimate fur each of the three cases. 

If the Francis turbine could In* 0 ]»eniteil at all times at its best-efficiency 
gale opening, it would show a derided advantage over the impulse wheel. 
Comparison of efficiency curve* plotted in Fig. 19 for an impulse wheel of 
A’ f - 5 and a high-head Fiancih tuibme of A\ - 17 shown the great advantage 
of the impulse wheel at loads Iiolow 40% output ]ier jet. With the double 
meihuiig type, one side can lx 1 shut down watertight and the remaining runner 
ojierated at it* k*st efficiency 

To the practical engineer, the com pa rip. on, from a point of view of relia¬ 
bility, accessibility, and repair cost ltotal expense of outage), is a paramount 
issue. With a Francis turbine, especially of the vertical—haft type, the parts 
must subject 1o wear are the least accessible. Running clearances mie*t be 
cliwh wm tehee I and the unit shut down cjuickly before serious damage is done. 
The impulse wheel has neither disadvantage Running cle.iranreb are only 
these in shaft and bearings and readily accessible. Farts subject to natural 
li>cliMiilic wear are the throat ring and the needle lip, wdiich can he replaced 
in less than an hour'* time and at very email exin-nse. Almost every essential 
part of the entire unit (wheel and generator) can be examined and removed 
without disturbing its ncighboi part. The unit requires no thrust bearing 
and no auxiliary oiling systems such ns are imolved in a vertical-shaft high- 
head Francis-type unit. 

17. Runaway Speed. In selecting the ratings and capacities of hydro¬ 
electric units, consideration niu«t l»c given to the relation ktween the char¬ 
acteristics of the generator and those of the hydraulic tuibine. 

The generator must I>e designed to stand the full runaway speed of the 
turbine to which it is to be connected, under the maximum head conditions 
at which the unit mav operate. The ordinary type of reaction turbine will 
reach nlwmt lN0 r f of its normal speed at runaway; but, if the maximum head 
on the turbine some times reaches 15% above normal, then this same turbine 



846 HYDRVULIC TURBINES (Caw 38] 

will roach about lWi of its nomul speed »* ruinw o, ind the. generators 
should be designed to stand these miuniiun eomhtions tor some ii\td-bl ide 
propeller installitions the nu\imuin iiimw it speed loi whnh the genentors 
ue limit is is high is *I l _ times nomul speed 
Figure 2i shows the peicent igcs at run iw i\ speed plotted igunst pin out¬ 
age noimal head lht chirirttiislies of Irmcis ruimus hiving a speedii 



Per cent rated head 

rn 24 rfii(i(Dr\ boisr prrwrr nnd mn iw ia syrul of \ uimis sj u ifi( *pi ul 
mnntrs it const int spud undu differ nt pi iuni ijis of tiled lurid 

speed eif '>0 ind of 100 ire \ii\ suiul i in this nsp ( t I lie piopnlif t\p< 

of xunner oi l')0 spiulie pud In i uiiiwu limit Jr, gee itu On this 
sime curse is fallow n the s mu inn in hoi ipuwii ol \ uious t\| i ut ’Winers 
under s using he id enneli I mils tor uh inn, tin rune how-I lit I i f rmejs 
unit with N, 50 will dehni it lVKy of nnl hi id ilxiut 1770 ol *1«» powei 

which it would dch\er it 100 r , of r cel lieirl 
18. Types of Turbine Settings The ittmg of i turbine” is i Mime 
what viguc term, usid I n_ n i wlneli u-mJl\ me ins the using or flume 
in wine h the turbine is set dims il o imhiilr the di ill ml e ind the list nice 
that the runner is set ibeisc liilwitu Thr sitting ol the tnrbim in nlition 
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to tailwutcr in dibcuxsed id Section 7 on cavitation, and draft tubes are con¬ 
sidered in Section 20. The impulse wheel requires its own type of setting 
an dcscrilied in Section 21. The present section will be confined largely to a 
dimension of flumes and scroll cases. 

The Fruneitf and propeller 1>j>or require a flume or case, the main function 
of which is to distribute the water as uniformly and smoothly ns possible 
around the circumference of the guide case in order to obtain maximum power 
and efficiency. The thrive general types of setting for these two types of 
runner are: 1 

1. The open-flume setting us shown in Fig. 25. 

2. The steel evliuder cn*s\ uml onlv j'or vciy small units. 

3. The mtoJI or spiral easing shown in Fig. 26. 

By far the most commonly used tyjie of setting for modern installations is 
the scroll or spiral easing. The various types of scroll cases may be divided 
into several classes as follows: 

1. The concrete scroll ruse setting far shown in Figs. 32 nnd 33 

2. The plute-*ti el scroll i-iise siting ns shown ill Figs 35 and 30. 

3. The ca-t-iton or ciM-*>1 eel scroll ease setting as sliown in Fig. 37. 

The semi-scroll nr heart-^liaped scroll ns shown in Fig. 32 i«* used in low- 
heacl installation* of fairly large capacity in order to obtain a sufficiently low 
velocity. The ordinary scroll erwe would require greater unit spacing. 

For verv low heads a siphon-type setting, a* shown in Fig. 31, may be used. 
Usually, with the scmi-MToll type, the top of the c.'Miig is above headwater 
level, the water Iwing drawn up by an ejector at the start and air kept from 
re-entering by a sealed chamber over the wheel. Tlii*. allows the wheel to lie 
-et higher and decreases the depth of excavation for the draft tube, resulting, 
in some in n living in co-1. 

There no eoinjietitnr at verv low heads, say up to 30 ft or so, for the 
open-flume or conciete special ivpe of setting. For HO- or 70-ft heads, espe¬ 
cially with laTge unit*-, the matter of reinforcing the concrete casing may l>e 
a difficult pioblem and careful study is required in order to arrange the rein¬ 
forcing bars in the mo-t advantageous manner. The cost of the reinforcing 
-.feel, its placing, and the cost of the rather complicated formwork necessary 
require careful consideration in comparison with plate-steel casings at this 
head for large units. 

Plate-steel spiral casings are applied over a wide range of heads and may 
compete with concrete scroll cases for quite low heads, down to, say, 40 ft, 
and with ca**t-iron and cast-steel spiral casings up to, say, 400-ft or more 
head, dc[>ending on size. 

Hie fields of application of all these types of casing overlap, depending 
upon local conditions and ^izc of unit. Figure 27 indicates the approximate 
limits of head and eajmeity within which the 'various types are ordinarily 
used. 



























26 Lower Bonnington plant, British Columbia; plate-steel spiial-tased unit*, 100 rpm, 70-ft head, 20.000 hp, showing intakes 
trough the dam, elbow-t> r pc diaft tube*, and sprc lal construction of generator air >ent«? because of high floods in tailwater. 
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19. Flumes and Scroll CaBes. Velocity. The matter of water velocity 
and smoothness of Bow at thr inlet oi the tin bine ib oi great importance and 
affect* the full-laid and part-load efficiency of the unit Figure 28 showt* the 
safe hill-load velocities in eatings and flumes for the vanous types of units 
Ob determined h\ expedience Excessive ^elocities may cause unsteady opera¬ 
tion ot the unit 



Fie 27 T ill'll limiting r ipnitirs ind he ids few \ mnu> *\p*n i»f luibine settings 

In open-flume settings for Franc i- nr propellei wheels m which the water 
is not guided by putition^, the mlrt aeln(it> in the flume should not exceed 
7Yj% ol the bpouting velocity of the wife under rated head for full Jo id In 
any event the velocity should not be greater limn d ft pci second it full load 

With concrete scroll casings, thr velont\ iinund the encumlcrencc should 
not exceed about 14% of the si, uting velocity at full load, but maximum 
velocity should not exccc 1 10 ft jxu second Velocities of 5 or fl ft per 
second are recommended where pnctu.ihle 


Head in feet 
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The \elocity at full loul’in plat e-bt eel sc roll casings may be as high as 16% 
of the tpoutmg xdocity, but should pc i haps not be over 20 ft pei second 
With smooth casings of cast iron or cast steel a full-load velocity up to 
20% of the bpouting velocity may be used, with a maximum velocity of 30 ft 
per second bring allowable lor he ids of 400 ft or moro 
A itsu il design of an oi>en-flume xertic il-shaft setting for a Francis or pro- 
pdlei turbine is shown in Fig 25 Note that the coiners of the flume hne 
bun rounded, which some whit impmxcs the 'velocity conditions within the 



fit 2S Pui\is showing illow ililr w «I r i \«1ocili<s in i, uinih Ixirs of casing* for 
if ic lion whnh md inlet pipes of unputa wheels 

flume Ti i4i i icks no provided ouNidi the powei house lie id gitts cir stop- 
log inn be lot ited outside oi mn be uindc the powerhouse for Inndhng 
with the pciwcihcnisr mne Fni tin unulii ^h\\ye of flume will shown, a 
si i light will mn be substituted without ini i oduc mg ippM ruble hulrmlic 
losses pin\ul(d the flume is of unple ire i I he turbine is shown *ct close 
to the flume flom but it is often l u-ed some whit highu Hit phtc-steel con- 
(i nine h]w ol di iff tube lie k shown ln> tlu ul\ mt ige of bung low in cost 
is it ob\nte- coiuieti tnnmuuk Ihc genciitor bung pliceel silth lboxe 
tin iniMinum lie tdw iter lt\el dispenses with i bulklit ul md stuffing box 
iiound both mull ind legul itmg shdts V lntihw n is punnhd m the gen- 
eritor flocn ior lowering tuilniie puts into tlu flunu llu gmernor is loc Ucd 
cm the griuntoi flocn, ind the i<guiding shut extends inlo the flume where 
il is connected to the turbine-gift shitting nna In me ms of two reuh roels 
r lhc hidi min toiciiu produced In the w itci flowing tliiough the guide x mes 
end ti mMinttid to the cmei plate is 1 iken up In In tics from two sides of the 
flume 
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It is important in the design oi an open-flume sitting to locate the wheel 
at sufficient depth below the v, itci surt u< so tint \ortitis will not be formed 
and air be drrwn into the wheel, resulting in deneised power and cfiuienr> 
and possiblj m hens \ibr ition The depth ot the w iter ibove the distributor 
should be at lc ist equal to, dud picfciablj several turns, the mnuer diameter 



I'll 29 Approximate setting dimensions for ] n limm m (stnnilis him is lui- 

binis with slid siioils 

The scroll or spud enst is designed with i iios >ininn ire i icdiiiing inn 
fonnlj around the <ir<uniteicnet u m i iimimuiii it the intnnu to the 
sjreill to ui> nc irl\ zeio it tin tip lhis re lintion it lilts in tin w tier s 
flowing sinoothls it i nenlv constmi vrlonti lroiuid the rising producing 
uniiorm distribution of w Her to ill puts ot the nimiet inel i ne nl\ uniioim 
pressure iround the entire using Uu elm nun of i. » ironnel ilie «.(i «dl is 
the binie is the dmetiou of rol 1 1ion of tin runner 
The lpprovunete dinieii'ions of t'u scroll e m m terms of nttd ht id, run¬ 
ner diameter, and spinfic sp«c<l nre show 1 in Iigs _>«) uul 10 loi Frinus uni 
propeller wr heels Ihise dime unions it pie sent the <i\cr ge lor i nenilnr ed 

successful inst illitiou ind ire intended 1o bt usrrl onh is a prelummr> cst 
mate to determine appn Minute st* lit tided designs sho’ d grneralh fol 
low the suggestions of the m liacturei as he is usndl> htlcl responsible for 
the successful functioning of the unit 
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Little difference in dimensions of the sotting was noted for Kaplan and 
fixed-blade runners of the same diameter, although the Kaplan runner dis¬ 
charges about 12% more water at full load. 

The full scroll may have a circular cross-section as shown and be of steel 
or reinforced concrete, or, for low heads, it may have a rectangular cross- 
section with rounded comers, as shown in Fig. 25, which will provide suf¬ 
ficiently low velocities. For largo units one or two piers divide the water 



Fiu. 30. Approximate siting dimension* for preliminary estimates. Propeller 
tuibines with coin letc scrolls. 

pic^.igc upstream from the wheel a* *diowu in Fig. .12; these piers Berve both 
to guide tlie water and to strengthen the roof slab. 

Figure 11 is a sectional elevation of :t nphnn-1yi>e concrete casing with a 
turbine of the propeller type. A plan vicn of this tvpe of ca-ing would be 
like that shown in Fig. 12. The water enter* the concrete casing through 
suitable trash racks, head gates similar to those used with the open-flume set¬ 
ting lieing provided to shut off the water for insjiection or when the unit is 
shut down for a material length of time. The water is led to all bides of the 
turbine, the design of tho easing lieing such »b to give, ns nearly as possible, 
i mi form velocities in all part*. The generator in Fig. 31 is shown mounted 
on a short supjiorting barrel and is reached by a short stairway, access to the 
turbine cover plate lieing had through an arch and btnirs leading down into 
the turlnuc pit above the small end of the spiral. The governor is located 
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tiii tbe main floor, and the servomotors or regulating cylinders for controlling 
the position of the gates are located in the turbine pit. For large units where 
the governor capacity is above 25,000 or 30,000 ft-lb, the connection is made 
directly to the shifting ring, but units requiring smaller governors are usually 
equipped with a vertical regulating shaft similar to that shown in Fig. 25. 



Fig. 31. Dixon plant, Illinois; propeller turbine, 800 hp, 80 rpm, 8-ft head; 
vertical concrete spiral-rased, siphon-setting, turbine; column-type speed ring, 
plate-steel pit liner, and concentric plate-steel draft, tube with cone center. (I. P. 

Morris.) 

Figure 33 shows a cross-section of one of the Safe Harbor Kaplan units. 
The concrete scroll case in this figure is of rectangular cross-section. This 
view also shows the runner set well below the normal tailwater elevation to 
mitigate cavitation. These wheels are rated at 42,500 hp at 109.1 rpm and 
55-ft head. The diameter of the runner is 220 in. The approximate mil gate 
discharge is 8000 cu ft per second. Note that the powerhouse superstructure 
is relatively small and that the draft tube extends beyond the powerhouse 
wall. 

The Pickwick Landing units nre rated 55,000 hp at 81,8 rpm and 48-ft 
head, each discharging 13,000 cu ft per .second through a propeller diameter 
of 292 in., so far the largest in the United States. 












Fir. 32 Flan mow and wrlion of conrreto ^pir.il cawng having nobe at the rear, 
bho\ui\g ^ifty-bolt-fyi»p kjiouI ring, ili.un \ tlve, di,ift-1ubc liner with inb|>erticm 
manhole, .md concent nr mnoile diafl tube 
855 
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A plate-steel casing (see Fig. 34) is usually made of segments of steel plate 
fastened to each other and to the speed ring (Chapter 39, Section 2) by rivet¬ 
ing or welding. For the larger sizes, the plate segments are made of a series 
of developable cones to provide the desired ta]xr. In the smaller sizes, the 
plates are usually pressed or hammered to form a rounded, continuous spiral. 
This method is more expensive than the rolling of the developable cones but 
is desirable for small sizes. 



For the cone-tj T pe ca-ing the plate-? are usually punched and rolled and then 
fitted together in the shoiw of the manufacturer, together with the speed ring, 
the rivet holes all being reamed and the plates caretullv match-marked so that 
they may be readily assembled in the field, when they arc riveted and calked. 
The joints are either single- or double-meted, depending on the pressure, and 
are lapped, although butt joints with belt straps outs.de are usH by some 
manufacturers. 

Figure 34 is a section throng*, the 70,0(X)-hp unit No. 21 in the plant ol 
the Niagara Falls Power ( unpany. Tins figure shows clearly the plate-steel 
spiral casing, the cast-steel «]>eed ring which holds the edges of the casing 
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Til 34 \ngai i Falls Fowei Co , N< w \oik, 70000-hp Fi mub turbine unit \o 
21 214-ft lie ad, 107 i pm Cnncentnc drift tube of fonaefo with low-tone center, 
< isl-stocl iuiuim bolted to flange on shift platc-etul mi oil t iso, adjust able lig¬ 
num vitae bulling steel skew on shift ust-steel spud img <art-iron pit ring 
and supporting Ikuic 1 taming weight ot gencutor, duett-ennnor ted governor 
fl\ lulls, ugulatmg ahndus bolted to pit img ind umncitcd duutlv to opposite 
subs of shifting ting hingsbuw tin ust bi mng al>o\e gcnciatoi, turbine bear¬ 
ing stavub as lowu gtueutor bulling, making Iwo-beaiing unit (Allia-Clialmcib) 
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together, and the guide vanes and operating mechanism which control the 
flow of water to the runner. The draft tube shown here is of the concentric 
concrete hydraucone type with a plate-steel liner in the upper part. In this 
case the weight of the generator is carried on a cast-iron supporting barrel, 
which transmits the load through the speed ring of the turbine to the founda¬ 
tion, This unit has only two main guide bearings, the one located on the 
cover plate of the turbine, the other just below the thrust bearing on the 
bridge above the generator. 



Fig. 35. Photo looking into 10}£-ft inlet diameter plate-steel spiral casing of 
2600 hp, 40-ft head, 150 rpin. showing speed ring with guide vanes in closed posi¬ 
tion. Single-riveted casing joints with double riveting at junction with cast-steel 

speed ring. 

Figure 35 is a photograph taken inside a plate-steel spiral casing and shows 
the method of connecting the separate plates which make up the casing, as 
well as the joint between the plate-steel casing and the speed ring. The first 
opening through the speed ring where the water enters the guide vanes is 
clearly shown. Round-headed rivets are shown here holding the plates to¬ 
gether, but more recent practice, especially on the higher bead plate-steel 
casings where the water velocities are greater, has been to use. the flat- 
headed countersunk rivets which offer very little obstruction to the fiow. 

Figure 36 shows a welded circular-section plate-steel spiral casing for the 
four 103,000-hp, 330-ft bead, ]£N.5-rpni units for Shasta,Dam, California, 
of the U. S. Department o: ihe Interior. For a test pressure in the field after 
erection and with an inlet diameter of 152 m., a cast-steel caring involves 
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thicknesses of metal which also introduce quite a problem os to size of flanges 
and bolts. A careful analysis of costs pointed to a material saving in favor 
of welded plate steel. Plate-steel casings arc usually skipped knocked down 
and are riveted or welded together and to the central cast-steel speed ring in 
the field. 

The welded design permits of welding the plates to the speed ring at manu¬ 
facturers’ sho]w in as few sections as transportation permits. The Shasta 
casings are made in seven sections with transverse joints, the plato being held 
together by butt strain riveted in the field and the speed-ring portion by 
bolted flange joints. 

Since plate thicknesses exceeding 2 in. were involved, positive assurance 
had to be obtained of the soundness of the material and espccialh of the 
various welds. Physical and metallurgical properties of steel plate and union 
melts were obtained from numerous? specimens before and after stress relief 
after welding. Microgrnplis showed no apparent change in the grain structure 
of the weld before and after stress relief. Impact te^ts of the sqjcriincn were 
also made. All the results prove beyond question that a welded casing is in 
every resjiect equal and in many respects superior in quality to a cast-steel 
easing. Figure 30 shows the six butt-strap joints of the casing sections ]jro]ier. 

The continued improvements made by steel nulls in the quality or plate- 
steel material permits of allowing higher design stresses than have heretofore 
been considered good practice. Thus head* exceeding 400 ft an* now within 
practical range. Heavy plales require correspondingly heavy rivets, thereby 
setting limits. New data made available by the rapid advancement in the 
art of welding have removed any doubt to the feasibility of welding casing 
sections together, rather than riveting them. 

Since steel-plate scroll cases for vertical unit*4 arc usually imbedded in con¬ 
crete and are. consequently, difficult to place, allowance for wear and cor¬ 
rosion should be made in selecting pl.ue thickness, ami conservative unit 
stresses should be used. 

With cast-iron scroll cu*e« the inner circumference of the easing is held 
together by a «erics of steel “lay bolts which are usually made a permanent 
part of the casing. Where silt or sand is earned m iho water, these bolts 
Are subjected to considerable weai ami should be designed to be readily 
renewable. Cast scroll cases are shown in Figs. 37 to 41, inelusne. 

Tt is not advisable to use a cast-iron casing with Min speed ring ((Miapt-r 
30, Section 2) made an integral part, because of llie lack of duetih'y of ra^t 
iron. There aTe several instances on record of serious damage dene when 
abnormal water hammer called breakage of the tension memliers of the cast- 
iron casing, whereas many cast-steel casings ha\e niece sfulh with*tfN»d heavy 
water hammer. Figure 37 show** a cast-iron casing where the speed ring wa< 
cast separately and the casing bolted to the ^peed-ring flanges. This easing 
was made in halves. 

Figure 30 shows a double overhung unit where two cast-steel spiral-eased 
turbines are used to drive one generator, Ihe weight of die two runner* and 
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the generator rotor being cirned on the generator bearings. These unite may 
also be equipped with prensuie legulators, ind each unit may have ite sep¬ 
arate governor h) stem bo that either tmbme mn> be lun independently pio- 
vided thnibt bearings are constiucted for thib purpose This permits of much 
more effirirnt operation below hdf loid, as 1 * the case with the double o\er- 
hung impulse wheel Figure 40 is a section through one of these horizontal 
turbines showing the arrangement of the vanous parts 



Fig 41 Oik Gio\e plint, Ougon Assembled \hw of high-lu id <is1-stul, 
sfmal-cisid luibinc 850-ft hrafl 35000 hp 21 specific spin! Butlrifh \ihe 
go\r inor-opi r itod pic^mn irgulitor senoinnton bolted to pids on rising m mi 
steady boning of oil-lubur ilcd hihljitwd-t\p( with uruliirv inotoi-dincn pump 
mounted ibu\i bt mng (Pc IIon ) 

Cast spir il-casod turbine** usually hue the w itei biought in through long 
penstocks under high pressure, which mikes it \eiv desirable to pronde some 
menus for shutting off the w iter it tlit inlet of the rising 

Ca^t-sleel fismgs should not usii dl\ be midr less tlian Vj in thick, owing 
to the difficulty of easting tlunmr sertions of cist steel Figure 41 shows ■■ 
catrMteel cismg for a 35,000-hp unit opiating at 850-ft heul Bee up* of 
the size and held, the design of the rising inquired spinal cue It is made 
in hlives, and the speed-ring nbs ire east integril with the cismg, as is gen¬ 
eral piactice with cast-sb-'l pp u r ismgs 
20. Draft Tubes. Ini ruiirli is thr turl me nianuf icturors aie usually ro- 
qmied to guarantee iierfoimuices md efficiency, thoj will nitunlly insist 







DRAFT TUBES 


865 


that draft-tube design shall follow their suggeptions. In fact it is usual prac¬ 
tice for the turbine manufacturer to furnish the hydraulic design for draft 
tubes and scroll cases not constructed at their own shops. 

The function of the draft tube is to conserve for conversion into power by 
the turbine as much of the remaining head from turbine to tailraco as prac¬ 
ticable. Thus the draft tube takes the water discharged by the turbine at 
high velocity and then reduces the velocity as gradually as practicable by 



Hydracone draft tuba 


Spreading draft tube 
(Low cone) 


Spreading draft tuba 
(High cone) 



enlarging the cro-s-section to a low \eloeity at dm it-tube exit lielow tail- 
wnter eloxntion Velocities jiM below the nuinn mav be 25 or 35 ft per 
second and at drnft-tulie exit into the Inilrare 5 or 6 ft per second. Draft 
head (the //, of Section 7) varies in geneial from -S ft to +15 ft. Between 
a poorly designed draft tube and one of pood design there inav be as much 
as 2% or more difference in over-all efficiency. On the other hand complicated 
draft tul>cs may not be able to justify the resulting moderate gain in efficiency 
because of the added construction cost. 

The exit to the draft tube is frequently well below the river bottom. Very 
gradual iqwlojieb involving n Large amount of excavation have been used to 
connect the floor of the draft tube to the Imttom of the tailrace. A high cost 
for such work is not justified, as any slope flatter than a 1 vertical on 6 hori¬ 
zontal, which is about the upcast for some draft tul>es, shows no appreciable 
gain. This was verified in a series of tesla, made by Professor Charles M. 
Men of Worcester Polytechnic Institute, winch showed that an upslope even 


HYDRAULIC TURBINES 


(Chat 381 



Ro 43 Vertical (asWcf I spiral-rased tuilnne for hinti hr id, 18000-}p, 420-ft 
head, 375 rpm Kcihm Dcmvoku Klntiu Pown To Jip»n, showing three-floor 
arrangement with mikkho&id floot ut e\i ti Iim I mam flooi nt gn^rator b&AU, 
and tuibmc floor at cover-plate lc vf 1 with tn nupettioi floor below turbine 
Penstock enters horizontally with hvdraulitali) opointed butterfly valve Taste 
ateel casing made in tluee settlors pressure rrgulrtoi with plate-air el dwehargr 
pipe, connetc-elbow dmtt ube with removtblr east-iron nr ti >n below runner 
Governor stands and controls located on switchboard flooi motor and impulse 
wheel-diiven oil pumps located on turbine floor (AHin-Thabneis ) 

























Fig. 44 Glrnvillp, Ncnlh Carolina; 30000-hp, 1150-ft hrad, i'ouIiI 
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as steep as 1 on 4 beyond the draft-tube exit resulted in practically no greater 
loss of head than a very gradual upslope to the bottom of the tailrace. 

The types of draft tul>e and their usual dimensions as used in modem in¬ 
stallations are shown in Fig. 42. The two most common types are the straight 
conical draft tube and the elbow type of tube. The conical tube consists of a 
straight cone having a flare of 4 to 7 degrees from the center line. The greater 
angle of flare is less efficient, unless provided with a flare at the discharge end, 
either of the Moody spreading lype or the While hydraucone type. 

The elbow type offers advantages in cost of excavation. Its length is usu¬ 
ally between 2.5 and 3.7 times the throat, or runner discharge, diameter. The 
olbow type has become the conventional draft tube for large units, being con¬ 
structed usually of concrete with a plate-steel liner in the upper portion 
where pressures are usually negative. A fin or dividing wall is sometimes put 
into the elbow section to improve the flow and efficiency and for structural 
reasoas in large units. 

Draft-tube Liners . Except on relatively small units under low heads, it is 
desirable that at least the up]>er portion of the draft tube be lined with either 
a cast- or plate-steel liner. The water discharging from the runner has a 
rapid whirling motion, and where unlined draft tidies have been used it has 
frequently hapi>ened that the concrete has been eaten away by pitting to a 
depth of 12 to 18 in. just below the runner so that it seriously decreased 
the strength and endangered the fastening of *hc discharge ring and other 
turbine pnrK 

Draft-tube liners ean be made rendflv of plate steel riveted or welded to¬ 
gether. They should lie provided with flanges at top and bottom and anchor 
straps so that thev will hold firmly to the concrete. Either a cast- or «tmc- 
tund-sted fi.uige or other permanent field joint should lie used at the top, and 
this should 1 m* bolted to the turbine proper. 

On high-head units where the velocity in the draft tube may be high the 
upper section of draft tube i-< usnail\ made of *4col plate or east steel with 
manholes provided on opposite side* to permit inspection An interesting 
design of draFt-fulic top is of the telescopic type, shown in Fig. 43, where 
this upfier cast-iron section is so arranged that it may In? lowered directly 
into the lower part of the draft tulic, thus leaving a clear space for inspection 
purposes when in the lowered position. This telescopic section is bolted to 
the bottom of the discharge ring, and a packed joint is imed at the lower joint 
to prevent leakage of air into the draft tube. This and similar constructions 
have lieen used extensively and have resulted in a material saving in time, 
especially when* frequent changes of the runner were required, such as might 
be due +o nitty or bad water conditions. 

21. Impulse-wheel Settings. The most usual arrangement in the United 
States is the horizontal-shaft double-runner overhung tyjie, as m Fig. 45, 
having an impulse wheel placed in an overhung position on each side of the 
generator, each wheel self-contained so that the water can lie shut off entirely 
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W one aide if dented. This type, using an independent governing equipment 
for each side, has become standard design on account of its flexibility. 

With impulse wheels, the full-load velocity in the nozzle pipe ahead of the 
pozzle tip is usually made less than 10% of the spouting velocity under the 
full rated head for the wheel. A better value is 7Vi% with not over 30 ft per 
second maximum. Higher velocities cause distortion of the jet where there 
ate bends in the nozzle pipe to provide for the operation of the power needle 
valve. 



Fig. 45. Big Creek 2 A, California; 56,000-hp, double-overhung, single-nozzle im¬ 
pulse turbine, 2200-ft head, 250 rpm. (Allis-Chaimers.) 


In some designs two or more jets are disposed around the periphery of n 
vertical-shaft impulse wheel in order to obtain increased generator speed. 
This practice is particularly common on European wheels designed for export, 
but it is not general in the United States. Multiple-jet units are usually lees 
efficient than single-jet units because of interference of water on the buckets. 

With impulse-wheel units such as those illustrated in Figs. 44, 45, and 40, 
the flow of water is controlled by a needle valve in accordance with the load. 
With long pipelines dangerous pressure surges are likely to occur if the mo¬ 
mentum of the moving water column is reduced fast enough to hold the speed 
of the unit within desirable limits. In such cases an auxiliary outlet is pro¬ 
vided which opens as fast as the flow is reduced by the power needle so that 
the flow in the pipe is not suddenly reduced. By means of & dash pot the 
auxiliary outlet is closed gradually, thereby reducing the flow in the pipeline. 
When load is thrown on agaiii, it can be picked up only at the rate at which 
the water can be accelerated in the pipe without resulting in ' an undesirable 
pressure drop, thus avoiding an augmentation of the resultant speed drop 
of the unit. Flywheels are sometimes used to better this condition. Auxiliary 
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outlets are also used in connection with Francis turbines supplied through 
long penstocks. 

Where pipelines are very long, or where water must be discharged at all 
times to the tailrace, as with irrigation plants, the auxiliary outlet is then 



Fici. 47. Pit River No. 5 plant, California; 50,000-hp, 687-ft head, 300 rpra, verti¬ 
cal reaction turbine. (See Table 1.) (Pelton.) 


directly connected to and operated in synchronism with the movement of the 
power needle. 

Instead of using an auxiliary outlet many impulse unite’With long pen¬ 
stocks use deflecting nozzles where the power needle is set for a desired con¬ 
stant discharge and where the jet is merely deflected from the bucket wheel. 
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Instead of deflecting the jet by means of the hinged deflecting nozzle, in 
the standard design the nozzle pipe and its needle control mechanism remain 
stationary and a sleeve-type deflector is provided between the bucket wheel 
and the nozzle orifice. This sleeve is actuated quickly by the governor, deflect¬ 
ing the jet partly or wholly on load rejections. 

Whore water-saving action !r required the needle is interconnected either 
mechanically by means of a dashpot or hydraulically in such a manner that 
it follows the movement of the quick-acting jet deflector, at a rate, however, 
which prevents undesirable pressure variations in the pipeline. 

Figure 44 shows a single overhung horizontal impulse turbine having one jet 
operating on the buckets and disk. The buckets and disk are mounted on the 
extended end of the generator shaft, the two generator bearings carrying the 
weight of the rotor and the impulse wheel. On this unit the regulating cylin¬ 
der of the governor is connected directly to the needle, a governor-opera ted 
pressure regulator being provided so that when the nmlle is closed rapidly 
the pressure regulator opens simultnneoush, preventing a serious rise in 
procure. The pressure rogulutnr then is muted to close .slowly so that no 
more water will be wasted. Some reliable of valve is usually required 
in an impulse-turbine plant as the linstocks arc usually long and the pressure 
high. The majority of plants use a special t>pe of gate \ulve, although 
there are sonic inst alia lions where the needle typo of valve is used. (See also 
Chapter 39, Sections 17 and 18.) 

Figure 46 shovis an arrangement of a vertical-shaft impulse wheel where 
two jets are used on the one disk, a pressure regulator being provided to 
prevent serious pressure rises. The generator is arranged similarly to that 
for a cast -ending reaction wheel, the water being brought into the wheel 
through a penstock located below the floor. The revolving parts of the im¬ 
pulse wheel are covered in a waterproof rhamlier. 

22. Efficiency Tests. Efficiency tests of turbines in hydraulic power 
plants are desirable and furnish valuable information regarding the perform¬ 
ance of Ihe power-generating equipment With new installations, such tests 
determine whether the manufacturer's guarantees of efficiency and power 
have been met. If the efficiency is lower than the guarantee, there may be 
u serious economic loss over the jx'nod of the life of the turbine [20]. 

With old units, efficiency te*ts help to indicate whether the existing equip¬ 
ment should be replaced with more modern and efficient apparatus to 
utilize the available flow more economically. Often, as a result of testing, 
inefficient operating practices are discovered aiul corrected. If the efficiency 
of all or most of the units in a system is known the distribution of the load 
among the various generating units of the system in the most economical 
manner is greatly facilitated. Accordingly, periodic check-ups are often 
desirable. This is a very simple matter if some method of permanently 
measuring the discharge of the turbines is available. Otherwise it may fie 
desirable to make complete efficiency tests on a unit at intervals of several 
years. 
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The operation of adjustable propeller blades in conjunction with the gov¬ 
ernor is usually checked at the time of tho acceptance field tests to insure 
that the most efficient blade settings are used. 

A complete efficiency test of a hydraulic turbine requires accurate meas¬ 
urements of the power output, head, and discharge at a sufficient number of 
gate openings so that curves of these values may be plotted. Such tests, 
to be reliable, should be made or supervised by men experienced in tho 
various departments, as the conclusions drawn from test results arc suffi¬ 
ciently important to warrant all possible care in the performance of the 
test. Iu tests of new units where there is an efficiency guarantee with or 
without penahics for nonperformance, the test procedure and the personnel 
in charge of the test should receive the sanction*of the manufacturer. Also, 
a representative of the manufacturer should be present during the test. 

Tn modern hydroelectric plants the power output of the turbine is usually 
measured electrically by measuring the output of the generator, using cali¬ 
brated test instruments, transformers, and leads. Projierly determined 
allowances' are made for the various generator losses (see Section 5, Chap¬ 
ter 41). 

The effective head on the turbine, on which efficiency computations are 
based, is the vertical distance from headwater to tailwater minus all lo^es 
down to the entrance of the scroll ease and minus the velocity head m the 
tailrace at a point juM lwlow the draft-till* exit. (See Fig. 1, Chapter 0, 
“Head, Power, and EfficiencyThu^, for purposes of determining the effi¬ 
ciency of the turbine, only the lows in the turbine-casing, losses in the 
turbine itself, and the losses in the draft tube are considered 
The American Society of Mechanical Engineers Test Code (1038) provides 
(Paragraph 84) that 

The effective head oil the turbine shall be taken as the difference bo- 
tw<*eu the elevation corresponding to the pressure head in the linstock 
at the entrance to the turbine casing and tlie elevation of tailwater; the 
above difference being corrected bv adding the velocity head in the penslock 
at the section of measurement and subtracting the residual velocity head 
at the section of measurement in the tailrace. 

The alwve applies to reaction turbines (Francis and propeller). In the 
case of impulse wheels, the effective head is generally taken as the pressure 
head at the entrance to the nozzle, plus the velocity head at thiH point. 

The turbine discharge may Iks mcasuied by one or more of several estab¬ 
lished methods os follows: 

1. Thu AUen salt-velocity method, winch utilizes the time required for a dose 
of suit solution to puss between two stations, the salt solution being detected by 
the vuriution in an ehiinc cu?nut puling through the water. 

2. The Gibson method, which utilizes the pressure vaunt ion in a pijwdinc 
caused by a change in 

3. The Pitot tube method, in which a calibrated Pitot tula* is used to I inverse 
a penstock. 
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4. The current-meter method, which utilises calibrated current meters for 
traversing the headrace, rnual, or tuilrace. 

5. The weir method, which involves Ihe construction of a weir whose coeffi¬ 
cient of discharge is definitely known, usually in the tailrace. If the weir is 
loft in place this^ method involves a permanent loss of head. 

6. The Venturi meter, winch has the advantage of providing a permanent 
record of discharge, A Venturi meter is sometimes installed in the penstocks 
of high-head planls, but this method involves a permanent loss of head for the 
purpose of measuring the water. The Venturi principle may, however, be 
utilized for securing a constant record of discharge without any additional loss 
of head 119]. Any contraction, such as inlet to casing or the speed ring, pro¬ 
duces n Iohs of head. By properly placing piezometers and carrying them to 
recording instruments, such os are niuntifactor'd by Builders Iron Foundiy, 
Providence, R. I„ and Simplex Vulve and Meter Company of Philadelphia, Pa., 
a permanent reeoid of discharge may be obtained provided calibration iB made 
originally by sonic 1 suitable method. 

The most advisable method of disduirge measurement is determined by 
ihe particular conditions of the development, and, lief ore reaching a deci- 
-ioii as to the method to be used, the matter should lie discussed with the 
turbine manufacturers. 

All ethciency tests should lie made in accordance with the Test Code for 
Hydraulic Prune Movers, IMS, or a later revision thereof, published by the 
American Society of Mtxshaiuual Engineers, New York City. 
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CHAPTER 39 


PARTS AND AUXILIARIES FOR HYDRAULIC TURBINES 

By Arnold Pfau and the late Dr. William Monroe White 

1. Introduction. The preceding chapter dealt with the various types of 
hydraulic turbines, their runners, setting, and draft tubes. This chapter deals 
with other parts of the turbine and its auxiliaries. 



Fin. 1. Section through plate-steel spiral-cnaed turbine for 370-ft head, showing 
lonewnhle discharge ring Ix'low runner, renewable wearing rings at runner clean- 
liners and worn mg plah*s in guide ease bronze-bushed, individually lubricated 
guide-vane pivot Irearings, one below water passage, two above with adjustable 
Muffing box between upper two hearings. Thrust hearing to take upward thrust 
on giudi^vane stems. Co\er plate of double construction drained through runner 
at center. Babbitted, oil-lubricated steady bearing with oil reservoir and vis¬ 
cosity pump in co\cr plain, babbitted, grease-lubricated stuffing box with lignum 
\itae heal blocks and drains to prevrnt high tailwaler entering oil reservoir. 
Shifting ring slides on bronze pads and connects to guide vanes through breaking 
links, crrenlriP adjusting pins, and long levers keyed to guide-vane stems. (Allis- 

Cha Inters.) 
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The location of the various parts for Francis, adjustable-blade, and pro- 
peller tyj)cs of tuibincs is shown in Figs. 1 and 2. 



Fw. 2. IVpicttl section iiduihl.'ihlc-blad TCuj»].tn hubinr. bS Morgan Smith > 

2. Speed Rings. The si»ml img is that pint of the tuilune which con¬ 
nects the cover plate and the di-charge ring In it* amplest consfruclion 
it coi^istb of upper and lower rings lc*ld together liy vertical hIk, home- 
limcb called ^utiouary guide tarn* or stay vanes. The.-a 1 rib* cany the load 
from above and take the fuire of the internal water pre^uie. There ure 
three dibtmot types of •■peed j ngs: tiiosp ior eoncrete ppiral-cmed unit*', 
those for plate-steel epn. i-eaced mills, and Ihobc for cast-iron or cast-.steel 
cabings. 
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For cft«t-stec] risings the general practice is to cist the speed nog and 
nbs integral with the cast-btrel caning, a& shown in Fig 3 This ib desirable 



hit. 3 Oombmid last-stetl t ising and spi nl nng for Hoosn pown plant 510-ft 
luad 110 QUO lip (1 P Moult.) 


ronstiuction if the r tsfmg is pioiierl) made For medium and low held, 
with t ist-iion* or i ist-steel-i ised units, the siietsl-nng nbs ire sometimes 
mule oi tuined liolts ihe rising smiplv is cist often on the inner diameter 
TVctuse of the hroei tensile stiength of cast iron some trouble has been 
e\pt neneed m nuking the sjieed ring mtegral with the casing Conse- 
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quently, these features are generally cast separately for cast iron and bolted 
connections are used. 

Speed rings for plate-steel spiral-cased turbines are usually of cast steel. 
The ribs and flanges are cost together, and the flanges ext end od and flared 
so that the plates may be riveted to them, as shown in Fig. 1. Cast iron is not 
considered mutable for this type of speed ring because it may crack in rivet¬ 
ing, and although the cracks may not show up immediately they are likely 
to appear afterwards. 



Fra. 4. Yipw liikon inside of ronrirtc sjih .il-c.i«ed unit, 2500-1tj), 21-ft In nr], 
138% rpm, showing cast-non columns of speed ring and plate-steel guide \anos 
(Wausau Sulphate and Fibie Company) (Allw-Cluilmcis) 


Speed rings for concrete spiral-ea* rd units lor low heads take a variety of 
forms, the most common of which are as follows: 

Cast-iron speed rings, as shown m Fig S, Chapter 38, are very similar 
to those used with pLmvdeH casings, himng the iitv* and flanges cast to¬ 
gether, and the reinforcing roik are sometimes attached to the flanges h* the 
loads that they carry ftie verv similar to those earned in the plntc-stecl-cased 
units. For large units under higher heads (s«tv 70 ft), at which concrete 
scrolls may be used, cast steel may be inquired 
For email units the stay-bolt type of ejieed nng can lie employed. Tn this 
construction the upper and lower rings are made of ca4t iron and the ribs are 
of steel rods. The rods ir* lurried and threaded for bolting into the upper 
and lower flanges. In more desirable practice the steel rods are enveloped 
by stationary guide vanes of plate steel which help to carry the load. 
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The simplest construction of all, though for medium heads only, is to make 
only the nbs of cast iron, flaring them at the top and bottom and imljedding 
them in the concrete, relying entirely on the concrete for the upper and lower 
surfaces. With this construction, the ribs have no connection with the other 
turbine parts except where they are tied into the concrete. Under some 
conditions, only the lower ends of the nbs are imbedded in the concrete, as 
shown in Fig. 31, Chapter 38, and the upper ends are bolted to a built-up 
plate-steel flange. 

Figure 4 is a photograph taken inride the concrete spiral casing for a verti¬ 
cal turbine showing the columns of the speed rings imbedded in concrete, 
uluch carry the suf runposed weight. 

The pit liner, cover plate, discharge ring, and guide-vane rings are gen¬ 
erally boiled to the speed nng. The discharge ring in concrete-caned units 
in frequently omitted, as the lower flange of the speed ring serves this pur¬ 
pose. A plate-stool upper flange is usually designed to fonn the pit liner, 
when the cant nbs arc used. 

When the **f cd ring's diameter prevents the ring from being shipped in 
one piece, the sections are bolted or field-welded together, and sometimes 
additional shrink links are employed, e*f nally for large plate-steel units. 

3. Guide VaneB or Wicket Gates. The movable guide vanes, some¬ 
times called wicket gates, prof rly control the flow into the runner. The 
guide-vane assembly, together with the speed nng, is sometimes called the 
distributor. The giuric-vane mechanism for both the Francis and the pro¬ 
filer runners is of two general types: the open flume, or inside type, in 
which the connecting links are exposed to the flow* of the water, and the 
incased or outside tvf, in which the upper guide-vane steins extend up 
through the cover plate and the of rating mechanism is located on the 
cover plate outside the water. The open-flume guide vanes are usually 
made of cast iron, although pome manufacturers make them of plate steel, 
the plates being formed and welded. The guide vanes for outside gate 
mechanism are generally constructed of cast steel. These have the one pivot 
extended through the cover plate, and, since this pivot must transmit the 
full torque to of rate the guide vane, cast steel is desirable for strength. 

Under modern of rating condition* it is often necessary to shut the unit 
down with the head gate* of n and the ea*e full of water so that the unit 
may be quickly placed on the line if needed. Full water pressure is thus put 
on the cloned guide vanes or wicket gat on, possibly for a long time. If the 
gates are weak, out of alinemcnt, or poorly assembled, considerable leakage 
loss will ooriuv This leakage may be of material economic importance in 
tunes of low flow. 

Unfortunately, there is sometimes no way of readily adjusting the guide 
vanes to slop this leakage definitely. The authors have known such leakage 
to amount to 25% of full plant discharge, and oven for wcll-of rated and 
well-maintained plants, it has exceeded 10% of minimum stream flow. It is 
entirely feasible, however, to reduce it to a point where it will be of no great 



[Chap. 39] 


880 PARTS OF HYDRAULIC TURBINES 

eco nomi c importance by means of more precisely machined surfaces with 
closer clearances, improved design of link and operating mechanism, better 
sealing devices, and more careful maintenance. In the opinion of the authors, 
more emphasis should be placed on the desirability of tight wicket gates, 
and a considerably higher cost than usual would often be justified to secure 
greater watertightness. 



Fia. 5. Guide vanes and mechanism for open-flume turbine Guide vanes turn 
on bolts sriewed into dwlmrgf ling, and are npciuted by links connecting to 
shifting ring, which iWh on diwlioige ring Guide vanes shown about 50 r A upm 

For medium- und high-head plants it w often desirable to install a tight 
valve of the butt erf Iv-gnte or needle-valve type (Chapter 2G) in tin pen¬ 
stock just ahead of llie scroll ca^e to avoid leakage losses during shutdown 
jienods. The cylinder gate at the tuibine has also liccn used to eliminate 
this leakage, as at Rocky River, Connecticut. Such valves or gate- often pay 
handsome returns on their cost in water saving. 

Figure 5 shows the arrangement of guide vanes for an open-flume turbine. 
The guide-vane bolts or pivots are screwed into the discharge ring at the 
bottom, and the upper end extends up through the cover plate, which has 
been removed from this nhotogi iph. These guide vane* are of east iron with 
bronze bushing pressed u. to form bearing*. Guide vanes or wicket gates 
are now also built up by constructing sections of plate around dies, welding 
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the edge where the plate ends meet, and welding steel blocks in to form the 
bearings. Figure 5' shows the arrangement of links and the movable shifting 
ring located on the discharge ring for moving the guide vanes.. This mecha¬ 
nism is known as “inside type" because the links and pivots are inside the 
wheel pit and exposed to the water. 


The stationary guide-vane bolts should be designed so that each guide 
vane can be removed without requiring removal 


of any adjacent part. 

The customary guide-vane operating*.mecha¬ 
nism for the open-flume turbine consists of a 
shifting ring located either above or below the 
guide vanes and mounted on pads so that it ban 
rotate through a small angle. Connection i$ 
provided by two adjustable rods from lugs on 
the shifting ring to a lever on an operating shaft 
which connects to the governor. Short links 
are not made with a breaking section. A re¬ 
finement in this design is to make one of the 
pins slightly eccentric so that some adjustment 
can be made and the gates closed uniformly to 
decrease leakage. 

A similar arrangement can be used with the 



outside gate mechanism, especially for medium- ■ 

and high-head turbines, where leakage during £ r °‘ Lb^^havii^tutrid^ 
shutdown periods may cause considerable dam- gate mechanism. Upper 
age to the turbine parts. If some obstruction stem extends through cover 
clogs the vanes, even though they are provided plate and connects to shift- 
with .breaking links, there is likely to be some 

distortion of the guide-vane lever or stem. To Fallfl turbine (AlliB-Chal- 
obtain a tight closing fit, if the turbine is not mem) 

equipped with eccentric adjusting pins, it would 


be necessary to fit the levers to the guide vanes with offset keys—a procedure 


that means a long shutdown. 

An alternative for breaking links is an element that is accessible above the 
cover plate and that fails by shear when debris prevents movement of the 
guide vane. It is essential that with either design care be taken to avoid 
mechanical interference when the remaining guide vanes move on. 


Figure 6 shows a large cast-steel guide vane of the outside-gate type, such 
as is used with cast, steel-plate, and concrete spiral-cased turbines.... The 
turbine shown in Fig. 34, Chapter 38, employs such a guide vane. The lower 
pivot is carried in a bronze bushing in the lower guide-vane ring, which is 
lubricated from the top by grease forced through a hole bored through the 
stem. The upper pivot extends through two bearings in the cover plate, and 
an adjustable packing box is provided between these bearings to prevent 
leakage along the stems. A lever is keyed to the pivot above the upper 
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h«fl.ri p g and is connected to the shifting ring with short links that are de¬ 
signed to break if some obstruction clogs the gates. The connection of lever*, 
links , and shifting ring is shown in Fig. 7, which is a shop assembly of one 
of the Hoover Dam units. 



Fin. 7. Shop view of 115,000-hp, 510-ft brad, 180-rpm Hoover Dam unit (I. P. 

Morris.) 

4. Wearing Rings and Facing Plates. Wearing rings' and faring plates 
above and lielow the guide \ anes have renewable surfaces. They are provided 
where it is desirable to maintain small clearances in order that leakage may 
be held down 1o the minimum Facing plate** serve nko to line the two sur¬ 
faces of the casing adjacent to the end** of the guide vanes (see Fig. 1) 
They are usually constructed of steel or bronze from to % in thick, made 
either in sections or in continuous rings, and .ire used on most hiTge turbine** 
for head?* above 75 ft. When the turbine is f,hu1 down and the guide vanes 
are closed, the water tends to leak past the end of the guide vanes, and, if it 
contains sand or foreign matter, it quickly wears away the surfaces at this 
point. As higher heads and larger-capacity turbines are used, it is imjxirtant 
to decrease this leakage, and the machines should be designed ho tiiat they 
can be readily restored to their ongina* condition. 

Wearing ring* arc employed on the clearances adjacent to the runner 
band and crown. They are shown distinctly in Fig 1. Sand and foroigu 
matter in the water rapidlv wo*»» these clearances, especially at heads above 
200 ft. With runners 30 specific s]>ml (heads greater than 400 ft), 

the leakage through these clearances during iperntion, even in their original 
condition, sometimes amounts to as much as 3 or 4%, which, of rmirse, repre¬ 
sents a corresponding loss in Hfici^ucy. A'iy wear will greatly increase 
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this loss. Labyrinth seals at the top and bottom of the runner reduce this 
leakage about in proportion to the number of stages. They are formed by 
several stages of wearing rings. 

It has become common practice to omit the wearing rings on the runner 
band but to provide them on the stationary surface of the discharge ring 
and cover rings since these may be more readily renewed. Experience has 
shown that only in a few cases have the wearing rings been renewed on the 
runner. 

When wearing rings arc used both on stationary parts and on the runner, 
the material in the wearing rings on the stationary part is generally of lower 
Bnnell hardness than the wearing rings on the runner. 

J Vo visit in should be made for periodically checking the running clearances. 

5. Regulating Connections. These comprise the mechanism connecting 
Ihc guide vanes to the governor. The guide vanes, described in Section 3, 
are aMached to a common shifting ring sliding on machined ways provided 
on the cover plate of Ihc turbine, as in Fig. 7. 

In the open-flume setting an actuating >h:ift operated from aliovc by the 
governor servomotor is linked directly to the shifting ring. 

For some spiral-easing units of medium size, .such as shown in Fig. 32, 
Chapter 38, the >ame type* of regulating connections as described above are 
used even though the guide-vane mechanism is of the outside type. It has 
been found that, for units requiring a governor not exceeding 25,000- or 
3t),000-ff-lb capacity, the regulating shaft mechanism described above is the 
moM economical, but when the required governor capacity exceeds approxi¬ 
mately 30,(XX) ft-lb, it is usually less expensive to locate the regulating 
cvlioders in the turbine pit and connect one pihton rod each side of the 
shifting ring. The customary construction is shown in Fig. 8 and Fig. 37, 
Chapter 38. This arrangement makes a jHXsitive and direct connection, 
practically equal forces being exerted on both sides of the shifting-ring sur¬ 
face. Provision nuM be made for supporting these regulating cylinders 
rigidly. 

6. Main Shaft. The main shaft of the hydraulic turbine must transmit 
the full torque of the runner under the maximum head conditions at which 
the turbine will o]»erate. In addition, it must carry in tension the weight 
of the runner and the hydraulic thrust. If the main shaft is designed for a 
normal full-load stress under torsion alone of approximately 4000 lb per 
sq in., there is a sufficient margin of strength to carry Ihe additional thrust 
loads. 

The approximate diameter of shaft required for a torsion stress of 4000 lb 
per sq in. can be computed from the following formula: 

*•»(£)* « 

where if ™ shaft diameter, in inches; 

P « horsepower; 

N « revolutions per minute. 
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The main shaft must be sufficiently rigid so that it will not vibrate or whip. 
Runners become clogged with debris; if obstruction occurs on one side of the 
runner only 9 the unit may be thrown out of balance. To safeguard against 
serious vibration in this event, the main shaft should have an ample margin 
of strength to give stiffness. 

Critical Speed of Shaft . If small shafts under high speed are employed, 
or if the runner is overhung at some distance from the bearing, the matter of 
critical speed under runaway conditions should be carefully investigated. If 
necessary, the shaft should be increased in diameter or an additional steady 
bearing provided so that, imder maximum runaway conditions, the critical 
sjwed for the largest span will be not lens thah twice the runaway. The 
following formula for critical speed can be u^ed when only the weight of the 
shaft and no additional bending forces is considered: 


N 


3Q,700d 

L* 


[ 2 ] 


where N = critical speed, in revolutions per minute; 
d = shaft diameter, in inches; 

L = span between bearings, in feet. 

It has been found that forged open-hearth steel shafts of approximately 
the chemical and physical properties tabulated give excellent re-lilts. 


intimate strength 
Elastic limit 
Elongation in 2 in. 
Reduction in area 


Physical 

60.000-75,000 lb per sq in. 
30,000 42,000 Ih per sq in. 
About 25"; 

About 35% 


Carbon 

Hulpluir, not over 
Phosphorus, not over 
Silicon 
Manganese 


Chemical 

0.25^-0 35% 
0.0*5"? 

o.o*r/ # ; 
0 . 02 ' f 

o.40";-o.flo% 


While high-cnrlmn-steel shafts and special chrome steels may have greater 
physical characteristic^, they have not lieen found entirely satisfactory un¬ 
der the condition^ to which they are exited. Hydraulic turbine shafts are 
frequentlj T subjected to *hock e;ui-ed by unstable conditions, and for this 
reason a fairly soft, ductile material is advisable. Large shafts should lie 
hollow-bored and inspectod for flaw* All important shafts should have test 
bars and specimens taken from both end*. Hollow-forged shaft* are usually 
of more uniform materia), but *l i nir excessive cost has not warranted their 
general use. 

There are several different method* of connection 1*1 ween turbine shaft 
and turbine, and turbine and generator jshuftH. The shifts on the small 
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units of the early days were usually of cold-rolled steel, and separate flanges 
were pressed and keyed onto the end. The runner was generally pressed 
on a straight fit on the lower end of the shaft, where it was keyed and looked. 
There are two approved methods of 
attaching runners to shafts. The more 
common ih a tajx^r fit, m which the 
runner is pressed onto the tapered end 
of the main shaft, where it is bccurely 
keyed and then prevented from mov¬ 
ing brick on the taper by a split-stop 
ring that fits inlo an annular groove 
oil the main Mmft 

Figure 8 '•hows water-wheel shafts 
with ioiged flanges at lioth ends—one 
end tor coupling to the generator 
flange, the other for bolting to the 
runner. The larger shaft shown has 
a steel sleeve around it which is split 
and is held around the shaft bv shrink 
links. A kev, similar to that shown on the small shift in the foreground, 
1 iievents ihe sleeve fiom tinning on the shaft 

Figure 9 shows the method of fitting keys wheie the i miner is pressed 
onto a Upeied main shaft. Here, each slot has two keys, w’hich are tapered 



Fig 8. Turbine shafts with forged 
flange at both ends. Largest 34-in. 
diameter, 6-in. hollow bored, split- 
steel sleei c whf ip shaft posses through 
bearing. 



Fic 9 Fitting key ou 170-in. discharge diameter runner, rated 24,000 hp at 70-ft 
head. Runner is pressed onto tapered end of mam shaft, key is inserted, then 
stop ring i« inserted m groove in end of shaft to pievent endwise motion. Cap 
incloses end of shaft and holds stop ring in place (Allis-Chalmers.) 

to provide a wedging action. After the key has been driven, the stop ring is 
fitted into the shaft shown just below the end of the funner fit, and then a 
cone or tip is bolted to the runner, inclosing the end of the shaft and pre¬ 
venting tho stop nng from working out. 
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When the main turbine guide liearings are of the babbitted oil-lubricated 
type, the main shaft is allowed to come in direct contact with the bearing 
surface; but when the water-lubrirated main bearings are used it is excellent 
practice to provide either a stainless-steel or bronze sleeve around the shaft 
in order to take the wear. This enables replacement to be made without 
weakening the shaft. Considerable wear is likely to occur in water-lubri¬ 
cated bearings, esjieeially if any sediment or sand is in the water. In oil- 
lubncated babbitt-type bearings, however, there is very little danger of wear 
on the shaft. 

For the sleeve, steel has been found a much better material than bronze 
as it will stand the rubbing action and show mueh less wear. These sleeves 
can be made in one piece and shrunk on, or they can he split axially and 
held on with shrink links. A less desirable means of fastening the split 
sleeve to the shaft is countersunk screws tapped into the shaft. Such sleeves 
are difficult to replace pro]ierly, because it is not easy to match Ihe old taps 
in the shaft, and to drill new ones repeatedly is bound to weaken the shaft 

7. Guide Bearings. Turbine guide bearings for vertical units are of two 
principal types. Those for water lubrication (Fig. 10) are usually of lignum 
vitae or a similar wood or fibrous material, and tlio^c for oil lull neat ion 
(Fig. 1) are of the babbitted type. It will be noted in Fig 10 that there are 
six adjustable shoes, each of whirh is lined with phenolic strips, in the- case 
in lieu of lignum vitae blocks. The shoes are guided in a tapeied scat in the 
bearing housing so that adjustment for wear is provided by lowering the 
six shoes thus reducing the radial clearance. 

Water-lubricated bearings arc u^ed on the majority of installations, both 
the oiien-flume type and the inclosed spiral-fa^cd turbine* of the vertical 
type. Where clean water is available, or where installation of a settling lank 
is possible, bearings of this hort last many years without renewal; but where 
there is grit in the water or where (luring flood times only dirty water is 
available, they become worn quickly, sometimes allowing the runner to rub. 
On the small open-flume t ml lines, the ben rings are usually constructed 
simply by setting four blocks in pockets cast in an iron baring shell and 
by the provision of adjusting screws to hold the blocks against the shaft. 
In the large size, a numlier of snips of the lieu ring material are set into 
dovetail grooves cast into the bearing shell. These bearings are not ad¬ 
justable. When worn, they mu*t l>e relined and rebored. However, 1 wirings 
of this type have lx»en developed in which sections or shoes of rust iron con¬ 
taining the dovetailed grooves are set in an outer housing so that they can 
be adjusted when the bearing wears. 

When the water-lubricated bearing is operated submerged, as in the open- 
flume construction, no other lubrication is required, although sometime- 
grease is used in addition Thi applies both to verliral-shaft and to hori- 
zontalishaff units. In iLc incused units, a steady stream of water to the 
bearing is provided, and grease is often supplied also. Some type of strainer 
for the water supply is advisable, and it should be in duplicate so that one 
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strainer can be cleaned while the other one is in use Duplicate strainers are 
deniable with this type of bearing, especially m cold climates where there is 




CM 

Fw 10 Water-lubricated guide beating, 36 000-hp, 36-ft head. 75 rpm, turbine, 
Ghitkamnuga plant, T V A , shaft diametei 37 m (a) Housing bearing, (b) as¬ 
sembled boat mg with shoes and beating strips in place (Courtesy I P Moms 
Department, Baldwin Locomotive Works) 

dinger of one strain or being clogged with fine ice, allowing the hearings to 
run dry In some plant* this hv* been remedied by ruumug the water 
through a moving screen, and in others the water i is run through wanning 
tanks beiore it enters the beanng 
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Considerable Mirrens has attended the substitution of "Insurok,” "Rycrtex,” 
and other plastic fibrous compounds for lignum vitae blocks in water- 
lubricnted bearings. Rublier tarings have also been successful. Longer 
wear is claimed for these materials. 

Oil-lubricated bearings of the horizontal type, as shown in Figs. 40 and 44, 
Chapter 38, have long been in general use. A considerable nuinlier of in¬ 
stallations of the vertical-shaft units with oil-lubricated turbine bearings as 
shown in Fig. 1 are operating very satisfactorily. Some of these Live a reser¬ 
voir just below the bearing, located in the eover plate, and one or two puni])h 
driven from the shaft, which lift the oil to the top and allow it to relurn 
through the bearing. In other installations, the 1 oil is circulated through an 
external tank by a motor-driven pump. Tbe tank system, however, is not 
so compact or so reliable ns the self-contained system. 

Probably the reason why vertical oil-lubricated bearings are not more 
popular is that some engineers fear that the oil will be lost on account of the 
suction along the shaft. With the proper design this will not occur. Tf a 
good oil slinger is provided below the bearing, a* well a*» a suitable stuffing 
box with ample drain area, there is no danger of losing oil. Bearings have 
been in operation for several years without appreciable loss of oil. In the 
event of high tailwater, there is some danger of the bearing's being flooded 
out when the unit is shut down, but this hazard also pan Ik* prevented bv a 
suitable parking box and drain to u sump. If the unit i* in operation, the 
vacuum below the runner is usually sufficient to prevent any rise of water 
along the shaft. 

Horizontal bearings are usually of the ring-oiled pedestal fyjw*, similar to 
tho.se on generators, mid have proved very satisiactory. (icueialU the cir¬ 
culation of ml tiom the rings is ample, all hough some large bearings have 
been designed to use oil under pressure when starting up or even when 
nitrating. 

The present trend in oil-lubricated guide bearings, especially for large 
units such as lloover, Grand Coulee, etc., is to use the ndju^table-sliafl 
packing box rather than tin* labyrinth seal type. Since the adjustable type 
requires frequent ins]iectinn and adjustment, it is essential that it be readily 
accessible. 

8. Thrust Bearings.* The thrust bearing, usually mounted oil the upper 
or lower bridge of the generator, supports a thrust load amounting to sev¬ 
eral hundred tons on a large vertical unit. The thrust load consists of the 
weight of the rotating parte and the hydraulic thrust of the water on the 
buckets or blades of the runnei. The hydraulic thrust can l>e calculated 
from the following equal ion: 


T 


Kim 

2.94“ 


•Data furnished by A. B. Lakey, Chief Engineer, Kingsbury Machine Works. 
Inc. 
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where T ** hydraulic thrust, in pounds; 

D discliargo diameter of runner, in inches; 

H « head on turbine, in feet (use maximum prevailing head); 

K = thrust coefficient as given in Fig. 11. (For fixed- and adjustable- 
blade propeller runners, K — 1.0.) 

To obtain the total thnist the weight of the revolving parts must be Added 
to the hydraulic thrust obtained from the formula. 

In order that the bearings will carry the required loads without undue 
wear and friction, they arc designed so tluit a film of oil is maintained be- 


Fin. 11. 



Ba^fd on wpll-dram>> 1 nw r plate. 

. KD l n 

Hydraulic thrust -* .pound*. 

D * runntn discharge diametar, Inchas; 
H“h«ad, fast; 

K~\ 0. 

Does not include weight of runner and shaft. 


Hydiiiulip IlmtM chart foi fixed- and adjustahlo-bladc propeller runner 


tween the running Mini ^tutionarj bearing viirfacc*. The running surface, or 
thrust collar, is smoothly ground iron or *teel; the stationary surface is 
usually babbit ted. One of the surfaces—either the moving or the stationary, 
dc]lending on the design of the bearing—is divided by ample grooves into 
hx or eight pie-sliaped sectors 
Each of these sectors is tilted very 
slightly (sec Fig. 12) so (hat oil 
Iron) the surrounding hath is car¬ 
ried by viscous drag between the 
two bearing surfaces to form a 
wedge-shaiK'tl film. Experience has 
shown that the oil pressure within 
the wedge varies paraholically from 
zero at the four edges of the sector 
to maximum near ihe center. 

The Giblw, ot fixed-taper, type 
of thrust lira ring has slightly leveled sectors formed in the revolving meni- 
lier. The amount of hovel is elected with reference to the expected 
surface speed, load, and oil viscosity. Each taper begins at a radial groove 
and ends in a parallel-surfaced land upon which the bearing rests when not 
running. 


Rotating thrust rolli 



Fin. 12. Diagrammatic sketch of Kings¬ 
bury (pivoted shoe) ihrust bearing. Tilt 
of shoe exaggerated. 
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The Reist, or spring-supported, type of thrust bearing has a flat, bab¬ 
bitted, stationary plate with a number of radial grooves. The plate is rela¬ 
tively thin and flexible and is supported uniformly by numerous springs, as 
indicated iu Fig 13. It is obvious that any variation in total load changes 
the deflection of these springs, whereby the routing element assiuncb a dif- 



Fia 13 DiHginmirwitn sketch of Rent &prmg-suppoited tvpe of thmsl beating 
Deflection ol plate exiggeiatcd 

lerent tettii.g with icfeirnce to the center plan ol the runner inlet This 
difference nu\ Lie \ei\ apprenable between the extieme condition* oi opera¬ 
tion The siiiface is thus capable of adjusting itsell to a favorable wedge- 
shaped hlni form 

The Kingshun, oi pivoted segment, thnrt bearing h«is stationary, flit, 
babbitted shoe*, .is indicated in Fig 12 The segment s oi shoes are *up- 



Fig 14 Two views of stationary parts, Kingsbury thrust healing. 


ported at the centers of gruvitv on a. rounded pivot >-o that they can tilt to 
the proper angle to g^ r e the orrcct wedge-sh'ijied oil film for the given 
conditions of load Figi* e 14 shows two views of the .stationary part of a 
Kingsbury bearing with six pivoted shoes The bottom and tup views of a 
single shoe are shown also 
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The thrust runner or collar that Wars on the pivoted shoes is a flat dipk 
fastened to or turned integrally on the shaft. The thrust runner surface 
may be polished, especially if the turbine is of the adjustable-blade type 
that in starting has a small torque and the maximum hydraulic thrust load. 

The load ratings of the hearings are based on maintaining a defini te oil 
thickness at the thin edge of the film for a given speed and maximum thrust 
load; the thickness increusph with the size of the bearing. Normally the oil 
used has a viscosity of about 130 Baylult Universal at the mean bath tem¬ 
perature. Unit bearing presumes at this viscosity range from 350 lb per sq 
in. for medium sizes up to 600 lb per sq in. on large, fast-moving bearings. 



Fii; 15 Dmgranuiintir 1 skHrh of Kingsbury spherical thnisl bearing 

Kingsbury spherical thrust Waring* ^ro in service on n numbci of units. 
This t\ pc of bearing lut* a tliru*1 runner in llie form of a zone of a sphere 
so that it combine* the features of a thrust and n radial guide bearing and w 
solf-Mlining The stationary part of the bearing consists of six concave hlioes 
mounted on punt*, ns indicated in Fig. 15 The spherical seat is a sufficient 
guide for *ndo foiecs up to 75 r J of the downward load. The largest bearing 
of this type winch is in service is 51 in O.D., biippnrting a thrust lo.nl of 
555,000 lb running at a *]>eed of 450 r]im. The thrust load rating for the 
■spherical Lfearing is about the same as for the flat Kingsbury l>earing of the 
same diameter. 

The approximate size, outside diameter of shoes, and other characteristics 
for a flat Kingsbury thrust bearing can lie estimated from the chart in Fig 
16, which shows data for both Francis and propeller runners of normal pro- 
IKirtinriti The chart assumes the most u^unl bearing, which contains six 
bhoo* subtending arcs of 51 degree*, the bore of the shoe being about 43*% 
of the outer hearing size. r rhe net Waring area is thus 0.55B 2 , where B is 
the outer Waring diameler in inches. In social cases the bore ratio may be 
us great as 56% of the Inuring diameter. Nantahala (see Table 1, Chapter 
38) is an example of a large-capacity, high-head Francis runner supported by 
a Kingsbury spherical thrust Waring that has operated very satisfactorily. 
Figure 17 is a section through the Nantahala unit showing the spherical thrust 
Waring above the generator. 

A cooling coil immersed in the oil bath is used with the largest and highest- 
speed thrust Warings and is generally designed to limit the oil temperature to 
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angla by governor 

(Z>) Starting with adiiMable blade. «at toi I dt 
[E) Lxtra*henry rotor tramps 
00 Wulyht lor additional WH l 

Fig 16. Chait for eslimlmg th loods nntl hairing for Kingsbury tinust 
Imwiiiro foi \Pi1ical In I kIpmiic units (Kingslmiv Mm limp Work*, Phil*. 

dolphin, Pn ) 
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aboul 45 to 50 degrees centigrade (113 to 122 degrees Fahrenheit). Usually 
a flow of 1 gpm of water is allowed for a friction loss of 1 hp, which corre¬ 
sponds to a rwe in water tcmpeialure of about 5 degrees Fahrenheit. Flow 
rales are sometime® cm low as % gpin, increasing the water temperature rise to 
about 7.5 degrees Fahrenheit. 



Example Worked on Chart, b\). 10. 

Given: unit with propeller turbine; 12,000 hva, 3-phase, 60-cydo, 25-ft 
normal head. 

Required: thrust load, bearing size, friction loss in 1 waring. 

Solution: Line AB is drawn from 12,000 kva on kva line through 25 ft 
on propeller tide of head line, extending to intersect thrust line. Intersec- 
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tion with speed line indicates 100 rpm. Intersection with bearing-size line 
shows bearing diameter should be 61 in. for propeller wheel. Intersection 
with thrust line at B indicates total thrust load is 700,000 lb. 

For friction loss, line CD is drawn from intersection of line AB with speed 
line passing through pivot point 0 to intersect right-hand pivot line at D. 
Line DE is drawn connecting point D with intersection of line AB on left- 
hand pivot line twtwecn bearing and thrust lines. Point where line DE 
crosses friction line indicates that friction power loss in bearing is 13 hp for a 
Francis runner, or 26 hp for a propeller wheel. Cooling water required is 
26 X 1 or 26 gpm for a 5-degree-Falircnhrit temperature rise. 

9. Cover Plates. Cover plates on open-flufhe turbines are usually made 
of cast iron and can be very simple in consi ruction as long as they meet the 
principal requirement, sufficient rigidity to hold the proper alinement of the 
guide vanes. Sometimes stay bolts from the discharge ring serve to add 
rigidity. Another method is to use struts or braces from the flume walls, as 
shown in Fig. 25, Chapter 38. Some such support is necessary, because the 
water passing through the guide vanes exerts a force upon them. The dis¬ 
charge ring of the turbine, being attached directly to the foundations, can 
carry its share of the load quite readilv; but unless the cover plate is sup¬ 
ported rigidly it will tend to rotate slightly, setling up vibrations that have 
)>een known to break off the guide-vane stems. Consequently, the more 
satisfactory support is from the flume walls rather than with slay bolts. 

A better and more expensive design provides a complete east speed ring 
(see Section 2), to the top of wdiirh the cover plate is firmly bolted. 

Cover plate* of concrete spiral-rused anil pi a te-st eel-cased turbines are 
more elaborately constructed. The bearings for the guide-vane stems, where 
they extend through the cover plates, should l>e bronze-bushed, and tame 
provNion should In' made for carrying away whatever water leaks up along 
the guide-vane stem*. Sometimes the cover plate is designed so that any 
leakage water through the lower bearing, if water-lubricated, is drained over 
and dnw r n into the draft tube through the cored ojwiings in the runuer 
crown. 

The cover plate shown in Fig. 1 is of a more elaborate design suitable for 
large units. It has two 1 wirings above the guide vanes, and between the^e 
two bearings an adjustable packing box is provided so that all leakage along 
the hearing can be eliminated. This cover plate and runner are designed 
with labyrinth H*als to decrease the leakage past the runner clearance. There 
is also a cored passage in the cover pli -e to lead this water over to the drain 
holes in the center of the runner. This is known as a “double-deck” cover 
plate. It prevents the building up of pressure on the runner crown, thus 
reducing the load on the thru.,: bearing. 

Figure 18 shows a comparison of two tyiies of guide-vane bearing and 
stuffing box on the cover plate. The one at the left with adjustable packing 
box between two bearings is the more sub lantial construction. The design 
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shown on the right of Fig. 18 does not prove satisfactory if the packing is 
oidui&ry hemp material! which does not act automatically under pressure. 
More recent packing materials now availably such as Chevron, prove very 
satisfactory, being automatically self-adjusting. 

Figure 2 shows a typical cover plate for a propeller type of turbine. As 
may be seen from the figure, the cover pinto acts os a guide for the water 
from the gates to the runner and is therefore much deeper than cover plateR 
for Francis runners Owing to this depth, it ib possible to locate the lower 
guide bearing and seal below the level of the gate tops, thus saving space 
above the turbine. 



Fm 18 Alternative types of guide-vunc and cover-plate design, the one at the 
left hating two bearings with ndjimlnhlc packing between, the other having pack¬ 
ing foiced in between two buhhings. 

10. Turbine Venting. Venting of turbine die-charge is often desirable 
or even necessary. For both high- ,ind low-head turbines, the admission 
of air under atmospheric pressure at partial gate openings may materially 
ret luce vibration and cavitation without impairing efficiency. Usually so- 
called turbovonth are mounted in the turbine cover plate and are connected 
with the movable guide*-vane mechanism so that when guide vanes are at the 
jiart-open position, which would otherwise cuiw \ibxation, the turbovent 
automatically open 1 - anti admits air at atmospheric pressure. 

The admission of air is often desirable when the unit is operating as a 
synchronous condenser with wirket gates closed. If the water in the draft 
tube is low enough so ihat the runner revohes in air, instead of churning the 
water, the losses arc gvpally reduced. For instance, in one case the input 
of poorer to a unit operating as a synchronous condenser was reduced from 
i'iOO kw to 50 kw by the introduction of compressed air. Care must be token 
to lubricate the seal rings to prevent heating and seizing. 

11. Governors. Hydraulic turbine governors are designed to regulate 
the speed of the unit within a desired range by increasing or decreasing the 
amount of water supplied to the turbine runner in order to maintain a 
balance between power input and power demand, acting when a change in 
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power demand ciuses a fluctuation in speed This bilance is accomplished 
by the follow mg prmcipil elements ol the governor 

1 The speed-icsponsivc element rommonl> termed flyballs or spied governor 
(see Tig 19) 





Fie 19 Govemoi icluitoi willi supc isciibilm iiiotni-duvin high-spied (MmJls 
pilot biivomotoi rcliv, and compuisitiug dishpot (Allis-Ghilmtrb pil d(Hign) 

2 The rontiol v ihc to '•uppb' fluid undu pitssun to the beivouutoi in ordci 
to actuate the tin bine contiol mrihinmm 

3 The servomotor a fluid-pi ps«urr-op*rilld piston or pistons whuli move the 
tuibin rontiol mechanism (Lig 20) 

4 The restonng or rcliv imchmism to hold the Mrvnmotor m the conirt 
freed (or di id-beat) position whin thr t ubine output ind load demand arc 
equal rod (It con be direct mrehume ll dim or clcdiinl) 

3 The fluid-pie bbuic siipjly juirui foi tin jitinu ol the suvomotoi 

The essential action oi the governor wh x i climge m load occurs is shown 
diagrammatic illy by Fig 20 Here Hu fi^hills iri driven bv \n electnt 
motor receiving current irow a curate * nentor derated in s>mhronism 
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with the turbine. The full lines show the position of the various parts of the 
governor when the unit is running at constant speed under constant load. 
The servomotor piston is shown at about mid-position, indicating that the 
wheel gates are about half open. 

When additional load is suddenly thrown onto the unit, the wheel shaft 
slows down slightly, canting the governor drive (or pilot generator and 



Fiii 20 Dugiiimmiur' skiMili showing npcialion of governor. Pilot ami tnnlrol 
valve line shown to Iw* the same, whereas a dually for sunsilno governor Mimll 
pilot valve moved bv JlybalK art nates laigei (ontrol. 01 xrlav, valve hvdi aulicnlly, 

Es shown in Fig. 23. 

governor driving motor) to reduce '•peed also. The flyhall centrifugal force 
is minced so that the spring pulls them inward, causing the floating lever to 
drop and displace the control \nlve downward from its central, or dead-beat, 
position. Dining this initial movement the far end B of the floating lever 
is Mill held in its original position by the bervomotor connection. 

When the ajHiol-shupcd coutrol \alvc \b moved downward, the lower port 
is uncovered so that oil flows from the pressure tank around the spool 
and through the port into the left-hand end of the servomotor cylinder, 
causing the piston to move to the right and open the gates. The top port 
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of the control valve w also uncovered so that oil in the right-hand end of the 
servomotor flows out and down through the cenler of the spool valve, dis¬ 
charging into the sump tank. 

The movement of the piston rod displaces the restoring mechanism that 
moves the doshpot lever downward about the fulcrum A, The left end of 
the floating lever is lowered from B to B\ causing the right end to hft about 
the fulcrum C, bringing the control valve hack to neutral and thus stopping 
further movement of the gates. Ah the ^]>eed returns to normal, the flyballs 
gradually return the floating lever to its normal position. If the piston 
movement is too rapid, the oil in the dashpot cannot by-pass fast enough and 
the fulcrum A moves against an adjustable "spring that brings the control 
valve more quickly to the neutral position, tending to prevent overtravel. 
If there were no daHhpot and restoring mechanism to delay the a cl ion, the 
governor would “hunt” and the gates would be constantly changing. 

When load is rejected, the operation of the governor is the reverse of that 
just described, the initial movement of the flybalbt l>eing outward localise of 
an increase in speed and the control valve being lifted upward, admitting oil 
under pressure to the upper port shown in Fig. 20. 

As the governor is operated and oil from the pressure tank ib used, the air 
pressure is reduced so that a pn»sHure*o])era1 ed switch cutises the oil pump 
to replenish the supply in the tank. This pressure switch automatically 
shuts off the pump when the »piesMire in the tank reaches a predetermined 
maximum. 

Fundamentally the action of a governor is a* follows: A change in speed 
causes n rhange in the position of the rotating flyballs. This change m posi¬ 
tion moves the distributing or control valve so tlint oil under prepare is 
admitted into the regulating cylinder, or cylinders, raining them 1o move llie 
servomotor piston connected to the gate mechanism of the turbine. This 
movement of the gates is transmitted back to the distributing valve through 
the restoring mechanism, bringing the distributor \alvc back to its neutral, 
or dead-beat, position after the gates have been mo\ed sufficiently to com¬ 
pensate for the change in Load. 

Flyballs. The flyballs mud respond to the slightest possible change of 
Kpeed of the unit and thus produce an initial movement of the control valve 
employed, causing movement of the servomotor that actuates the control 
mechanism of the tinbme. The sensitiveness of this element is of primary 
importance. Any delay in response produces an initial speed change (rise on 
load rejections and drop on load in rcascs). This in turn causes delay in 
the movement of the coutrol mechanism—a lag, which is likely to produce 
“hunting,” in that the movement of the control mechanism, in order to 
catch up with the *May, becomes excessive. If the control meclianiKvn 
could follow at such a lute that the resultant output would at all times lie 
equal to the output demand or load, them the mechanism would always be in 
correct position and no aftermovement wnild lie involved. 
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To assure highest sensitiveness, the fnotion of the moving parte produc¬ 
ing this initial movement must be the minimum , and the Ini tial movement 
iteeli must require minimum effort 

Flyballs usually c onsibt of rotating weights supported on a shaft so that 
the centrifugal force pauses them to move outward. This outward move¬ 
ment 16 resisted by springs and linkage so that the control valve is hold m 
neutral position at the noimil speed oi the unit. If tint bjieed changes, how¬ 
ever, the piston of the contiol valve change'' its portion and thub produces 
movement oi the gates by admitting 
fluid to one side of the servomotor 
piston Jigure 19 shows one of tho 
high-speed flvbill lie‘ids 
A 1 ic tor (ontnbuting mitemllv to 
the high sensitiveness of flvlmlls of 
this design is the far t th it ihe centri¬ 
ng d ioiees of the weights are acting 
ducctly upon the spnng thertbj 
thminiting bciring friction 
Hindi flvbdls nitunlh hive very 
little power md would lie inuhquite 
to icfintp the control vdvt ehrecHv 
4n lUMlnn pilot-opr ntc d sen omotor 
is therefore disposed lietwcen the two, 
md this iimush('> unple energy it 
once for piompt niovemrnt of tin con¬ 
trol vilve intehim-m The* lotiling 
stem of the flvbilk oi>pi itrs dmttl\ 
is a pilot for the ml-pu sMire-ope rited 
m\iliiry servomotor, which products 
unple force to artuitc the control 
valve Since this force is pioduccd with pressed oil, it is entirely independent 
in amount of the mitnl speed < h in go and therefore contributes. immensely 
to Ihe sensitiveness and resiilUnt cnergv of the fljhdlb 
The flvbdls are either dixectlv dnven In belts, or ire driven by gears from 
the main turbine shift with lionzontd shaft units, or by geirs and jack 
shift with verticil shaft unit*' For large unit-, md particuhrlv for auto¬ 
matic plint oiKTdtion, a direct motoi diive is pieleried In Fig 19, the 
motor is mounted directlv on the flvbill bhift strove the cabinet containing 
the integral governor parts pioper. Figure 21 shows another arrangement of 
the driving motor on a typical actuator type of gov einor 

4 safetv device must be provided so that, if the drive to the flyballs fails, 
the flvbdls will not drop and cause the governor to open the gates wide 
A mechanical device move® the control valve to shut down the unit The 
motor drive is either *i -ynchronou® alternating-current motor or a liberally 
rated induction motor, so that its slip is negligible; the induction motor has 



TV 21 Wor>d ward type H R gov¬ 
ernor 30 000-ft-lb tap wily, equipped 
with moLoi-rfriven fhballs, synchro¬ 
nizing motor and srpafite hand-gear 
contiol with vertical legulatmg shift 
extending thiough governor base 
wlirir it connects to hoiizontal cylin- 
det through a lever and connecting 
rods. 
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the advantage of not falling out of *tep under heavy speed variation, as may 
happen with the synchronous motor. 

Current can be supplied to the motor driving the flyballs from slip rings 
added to the pilot exciter if it is available. It may be supplied from the 
generator bus through potential transformers or from an independent, Rdf- 
excited, alternating-current generator coupled to the main shaft or mounted 
directly on top of the exciter of a vertical-shaft generator. Speed switches 
and the magneto for nn electric tachometer may also lie combined with the 
B.n-h..d driwr l ,ilot exciter. When driven from 

the generator bin, the governor 
motor is susceptible to the effects of 
pow er surge*, and proper protection 
is to In? provided. 

The motor may be built directly 
into the fl\ balls as shown in Fig 22 
It is essential, of course, that the 
arrangement be such that the sp<»cd 
of the flvball® has a definite rela¬ 
tionship to the sliced ot tho turbine 
Contiol Valve The control valve 
(see Fig 20) is a spool -shaped slid¬ 
ing Viihe that srrvcs to dMribule 
the fluid under pressure to the 
operating side of the piston of the 
scrvonintoi If displacement of the 
sennmotor is veiy gicat, the con¬ 
trol \i\]\v iwully Ih'coiucs so large 
that it (Mimot lie opnated di¬ 
rectly but must be piovided also with a pilot auxiliary. This pilot auxiliary 
iu.t} lie combined with the contiol val\c itself, or it may be entirely separate 
fiom it. 

Figure 2-3 illustrates one of the control-valve .standards of the Woodward 
Governor Company. 

Servomotor or Jltqulatinq Cylinders The servomotor is a fluid-pressurc*- 
oiwraled piston in a e\Under mounted on, or combined with, the body of 
the governor, as diown in Figs. 21 and 24. The pisfnn rod is connected either 
to the gate regulating shaft or directly to the shift ring by suitable connect¬ 
ing rods. 

With lurge governor*, exc coding 3. r >,00() ft-lb for the Allis-Chfilmera gov¬ 
ernor and 60,000 ft-lb for the Woodward, there are two servomotor cylinders, 
as shown in Fig. 8; the piston of these tw T o cvlinders located on or near the 
casing is actuated by the control valve located within a cabinet also con¬ 
taining the flyhall assembly and controls The cabinet actuator is usually 
either on the generator floor above the level of the regulating cylinders or 
near the turbine. For large units the cabinet contains also such elements 



Flyball spring 
Flyball 


Fig 22 Sntiond view of Woodwiid 
motoi-dm cn lull head, showing built- 
in luotoi and bdl-brauug suspension 
of ball aims rWondwaul Governor.) 
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as control valve and flybulls, oil pump, pressure and receiver ta-nlca com¬ 
bined into one group, cither for one turbine unit or for two. In such cases 
the mechanism is mounted on a combination base and sump tank of fabri¬ 
cated steel. On the front of the cabinet arc located the controls and indi¬ 
cators, including the standard devices, to be manipulated by the plant 
operator, and also the necessary instruments for indicating operating pres- 



Disrharge I 

From pressure supply 


Fim. 23. Sectional view of pilot and relay vuhes of tho Woodward cabinet type 
of uctuaioi. showing restoiing link between the relay-valve plunger and the pilot- 
valve hushing. Movement of small pilot-\ul\e plunger by IlyhnUs causes control 
plunger to move relay valve a much larger amount, which admits oil to servo¬ 
motor to move gates. With the* arrangement, speed eliunges of Moo of 1 r /r or less 
will operate relay valve and cause movement of gates. (Woodward Governor.) 

euros of the turbine proper and of the oil-pressure system. Figure 26 shows 
this type of cabinet of Woodwind and Allis-Chalmcrs governors. 

Restoring Mechanism. The restoring mechanism connects the regulating 
piston actuating the flow-controlling means with the control valve. When 
the regulating cylinder is combined with the governor body, as in Fig. 24, 
this mechanism, as well as the flybulls and control valve, are combined into 
one unit. When two regulating cylinders are mounted directly upon the 
turbine easing or upon a foundation near by, the other elements are mounted 
upon a so-called governor actuator, which is usually located on the generator 
floor or at some distance from the turbine. 

To hold the turbine at no-load gale opening or at full load, a certain 
difference in speed of the unit is required. This difference is the "droop,” 
or the relative sliced variation between no-load and full-load operation. 
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Without restoring mechanism this droop would be zero and would cause the 
governor to hunt. 

The speed droop can be altered, within limits, by adjustment of the com¬ 
pensating relay, which consists of the spring and daslipot, shown at the left 
of Fig. 20. Thus, by the proper regulation of the spring tension and datsh- 



Fio. 24. 18,000-ft-lb capacity oil-prosMiif govoinni for \er1ical turbine. Regulat¬ 
ing shaft extends up through bn so with operating lover keyed to it. Soparutc 
hand control thiough hc»vel gears on worm. 

pot by-pass, the muvcmeiit of fulcrum A can be controlled so that the re¬ 
storing mechanism more quickl) returns the control valve 1o the neutral 
position. The compensating relays c in be adjusted for droops from 6% 
to 1 % or less. 

The design of the governor and the mechanical details of the relay mechan¬ 
ism vary greatly and will bo du runted in a later paragraph. 

Fluid Pressure and Pump Ai range merit . The standard fluid-pressure me¬ 
dium for actuating the governor and control mechanism is oil Where clean 
water is available at sufficient pressure, it is sometime' used with a small 
amount of soluble oil or potassium bichronrute in solution. With water, the 
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Fin 25 Control stand for 100,000-ft-lb rapacity governor, hliowing gate indicator, 
tachometer and hand- and electric-opci itod rontiols (Pilion) 
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pump prebsuie inel recenei tank* cm be omitted Water is not a good 
lubricant ANn, it lends to nit the ports of the control \.dve so that special 
pn caution must lie t iken m the election of ma- 
temls mil in prousion for im-s renew il of puts 
subpet to wear "VV iter semng is the procure 
medium impair- the ‘■cn-itniness of the gn\einor 
A more mule sirable leituie, ho\Ne\cr, is ihe dmgei 
of '‘Micking, 1 ' which im\ < mse minw ^ of the 
unit Mmv m-t ill itions using w iter h i\ e e\ entu- 
all\ dunged o\er to oil 
One of the main requirements foi good peiiorm- 
ance is that the ml does not “bieik down ” as de- 
composition produces tar ilepo-its in the control 
valve anel thus causes sticking Acid& thit cor¬ 
rode? the niatend also result in sticking of the 
governor Oil with is neail* const nit viscosity a* 
jiossible is advibable, since thin oil under high 
temperature requnos entirely different idju-tment 



26 Cabinet type of 
go\einoi stand 


for maintenance of a desired rate of movement ot the governor from that 
required for heavy oil This principle applies espeiinlly to dash-pot oil, 
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which controls the rule of movement. Too thin An oil result a in BeriouB 
hunting. Only oil receiving tho indorsement of the governor manufacturer 
should be used. 

The oil-pressure supply consists of a pump, pressure and receiver tanks, 
piping, and accessories. These may be arranged as follows: 

1. An individual pump set for each unit, especially where only a few units arc 
locuted in a plant, or wheic the unit is of laigc capacity. 

2. A duplex arrangement for supplying oil pressure to two units. 

3. A central oil-pressure system supplying oil to all units of the plant. 

For isolated units a pumping set such as that 
shown in Fig. 27 cau be belt-driven from the 
horizontal mum elinlt or from a jack shaft, or 
motor-driven, as shown, cither by direct coup¬ 
ling, by a silent cham, or by tex-rnpc drive. 
The pressure and receiver tanks are mount'd 
on u common Rise, and the oil pump is attached 
to the liasc forming the receiver tank. 

Figure 28 shim s a motor and liripulse-whecl- 
driven pumping unit that can bo operated in 
the event ot electric-power failuie The instal¬ 
lation ot such a unit insure* an emergency sup¬ 
ply of pre-siu <• oil. 

For Large-capacity individual pump sols the 
pressure and receiver t inks are sopanled and 
the pump is usually motor driven For lngh- 
hcad plants the pump drive tiuv l>c a Mini II 
impulse wheel direct I v coupled to the puni]) 
The duplex ariangeincnt has come into much 
favor a* it permits of an added flexibility, in 
that one pump mnv serve both umts in an 
emergency, or earh pump may Ik 1 of sufficient 
capacity so that the other may serve an a 
stand-bj only. 

The central oil-pressure system proves economical especially where the 
unit* are not called upon to handle heavy momentary load fluctuation In 
such a ca*e two pumps will prove sufficient if each is of a capacity to take 
care of normal ojieration of all units in the plant An unloading valve is 
provided for each pump, fieimitting the pump to float idly, that i.s, under no 
appreciable oil pressure, until the pressure in the central pressure tank drops 
below a desirable minimum, or it may be combined with a prewiie switch 
that cAiises the pump and motor to stop completely. 

The oil pumps proper are now almost exclusively of the gear or screw type, 
plunger pumps having been entirely eliminated. 

The standard maximum oil pressure was formerly 150 to 200 lb per sq in,, 
but in modern governors of larger .-ize* 300 lb has become normal. 



Fifl. 27. Motor-driven oil- 
pressure pumping unit for 
30,000-ft-lb governor, bh ow¬ 
ing location of pressure and 
receiving tanks, geai-tvpe 
oil pump, relief valve, 
gage glass, and prcssuie 
gage 
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In the event of complete absence of oil pressure, a mechanical hand control 
device combined with the servomotor of tho governor may serve the purpose 
for small units. For larger units and especially in connection with actuators, 
hand oil pumps have been provided for emergency use when no power is 
available until the unit ib started up. 

Pressure and receiver tanks should be designed to prevent air from becom¬ 
ing mixed with the oil supply, as otherwise a compressible medium results 
which impairs the correct uction of the governor. 

The so-called open sy*tcm is now exclusively used, in which the return oil 
discharge* into the receiver under atmospheric pressure. The departure from 
the so-called closed system under vacuum has greatly eliminated the breaking 
down of the oil with suh&equent failure of governor to perform. 



Fiu 28. Motor and iinpiiIso-whoel-driven rotary pumping set for large central- 
governor oil-pmwiue system with clutch couplings on both sides of impulse wheel, 
so that it can be used foi dnving either pump in the event of failure of electric 

power supply. 

The piping should be given special care. It should be cleaned of any scale 
before using as scale c.uise« considerable damage when carried to the control 
valve, etc. Threaded pipe fittings dioulrl be avoided. Flanged or welded 
joints an* suitable. AH bends should have liberal radii of curvature to reduce 
losses in pressure. Steel drawn tubing is customary in present-clay practice. 

12. Governor Capacity. The required foot-pound capacity of the gov¬ 
ernor dciM'iul-s on the tyjie and size of turbine that it is to control and also on 
the nature of the loml to which the turbine is subjected. The rated cajwrity 
of the governor liiea^uicd in foot-pounds. 

c « ?i D — ~ ^ P - - 0.78. Xiy - cP)ptn [4] 

4 

in which C ** capacity of the governor, in foot-pounds; 

D * the diameter, in inches, of the cylinder bore; 
d *= the diameter, in inches, of the piston rod projecting through the 
(lacking box of the cylinder; 

p = oil pressure, in pounds per square inch, measured at the pressure 
inlet to the control valve; 
s = tho stroke, in feet; 
n =? the number of cylinders, usually 2 or 1. 
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The approximate required governor capacity C\ can be computed from the 
formula 


„ _KXP _KXPXH 

Ci ~~m — w~ 


KXPtX IT 


[ 6 ] 


in which C\ 
C 

K 

P 

Po 

H 

K 

K 

K 

K 

K 


required capacity of governor, in foot-pounds; 
maximum required cupncity of governor, in foot-pounds, for 
maximum head; 
a coefficient; 

capacity of the turbine in horsepower; 
capacity of the turbine at 1-ft head *= P/H 
head, in feet; 

40 for outside type of gate-operating mechanism for Francis 
turbines; 

50 or more for inside or open-flume type of gate mechanism for 
Francis turbines; 

55 for propeller turbines; 

30 to 35 for stream deflectors of impulse wheels; 

45 to 60 for needle control of impulse wheels, deluding greatly 
on design. (European makers, in order to cut down governor 
capacity to a minimum, apply springs to counteract the variable 
needle forces.) 


This rating fixes the characteristics of a governor only as concerns* the 
force developed along the stroke (foot-pounds), but it does not contain the 
elements of time. One governor may require 6 beconds or more to close the 
wicket gates of a turbine, whereas another may be cupable of accomplishing 
it in 2 sec. In plants with long penstocks, the governor must move slowly 
in order that serious water hammer does not occur (*ee Chapter 34). A more 
precise method of rating the governor than that given in Eq. 5 is to include 
the time of closure, thus obtaining the work per second done by the servo¬ 
motor piston, or 

Cl - y 10] 

in which C 2 *= required capacity of the governor, in foot-pounds per second 
(energy); 

Ci * foot-pounds capacity of the governor, as given by Eq. ft; 

T * time in seconds desired for the full stroke of the piston of the 
servomotor. This is generally called “the total governor time” 
and is the time required for the governor to shut the turbine 
gates from full-open position after full load has been suddenly 
thrown off. (See Section 13.) 

13. Speed Regulation. In determining the rise and characteristics of a 
governor for a hydroelectric unit, it is e^enlial tlmt the required governor 
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closure time and the permissible speed rise when full load is dropped be speci¬ 
fied, as well as the Wr 2 of the unit and its power, head, and speed. Allow¬ 
able pressure rise in the penstock (generally about 20%) determines minimum 
closure time, which may be as low as 1 sec for open-flume settings of «?n*H 
turbines or as great as 15 sec for long penstocks without surge tanks for part¬ 
load change. In addition to the sensitiveness of the governor, the regulating 
results will depend on the Wr 2 of the entire connected load and the type and 
size of load changes. 

It is usually essential thai ihe sjieed fluctuations be small for momentary 
changes in load, ns most types of consumers’ load require steady speed. It is 
the function of the governor (Section 11) to hold the speed of the unit as 
close to normal as practicable under changing load conditions. Speed increase 
on Midden dropping of the full load hliould be limited to a maximum of 30 
to 'MV/r of normal speed. Many factors are involved in this problem. The 
pnninry factors are 

Wr 2 — the tv eight of the rotating parts multiplied by the square of the radius 
of gyration. This is sometimes referred to as the flywheel effect, or 
moment of inertia of the revolving mass. 

P — the rated horsepower capacity of the unit. 
j rP — the change in load, in horsepower. 

x — the ratio of the change in load to the rated power capacity, (P' zt P)/P 

t, ■* the time during which the load change occurs, in seconds. 

to — the delay lictwecn the initial speed change* and the start of the Action 
of the governor pislon, in seronds. 

it » the time required for the governor piston to move to adjust the turbine 
gates to the new load, in seconds. 

T — the total governor time, in seconds, required for the governor to shut 
down the turbine gates from the full-open position after full load has been 
suddenly tin own off. T - to + tg- 

fg m time for governor piston to move from full-open to closed position. 

N *■ normal speed of the unit, in revolutions per minute. 

JV' — speed of unit after speed change occurs, in revolutions per minute. 

N r — runaway sliced. 

j. — speed-change ratio or relative speed change* 

- (A T/ - N)/N for load decrease 
■■ (N — N f )/N for load increase. 

C — flywheel constant for the unit -» {Wr*N 2 )/F. 

Secondary factors will be set forth in Section 14. 

Governors are designed and adjusted so that the total time of closure T is 
from 1 to 15 sec or more, the upper vulue of tune of closure being applicable 
lo high heads and long penstocks. Thus a 3-sec governor would be one that, 
when the load was dropped, would close in 3 sec. In general, speed regulation 
it. closer if governor tune is as short as practicable, but it is essential only in 
special easob that it should l>e less than 3 see. In any given case the costs 
of governor with accessories will be greater for a small required value of T 
than it would if the value of T could advisedly be greater. 
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When the unit is part of n system connected to a motor load equivalent to 
many such units, one rotating unit cannot change its speed appreciably with¬ 
out affecting ail the other connected generators and mot ora, unless the unit is 
disconnected from the system. The influence of u single unit on the whole 
system, however, is indicated by its performance as an isolated unit that sud¬ 
denly loses its full load. 

The diagram in Fig. 29 show's the difference between the output of the 

generator and input of the turbine when Ihe load suddenly changes from full 

to zero in the time t e . Line ABD indicates the load of the unit during the 

time of gate closure, 7\ and line ACD shows the input of the turbine during 
4 * 


Fig. 29 



Area undtrmpu* curvt 
repres* nls en* r, y ivil 1 - 
ablu to ned Ur«1u unit. 


Diagram showing energy available for urceleniling unit wlwn load 
dropped in time 


is 


the same time The area Ix'hveen these lines represents the exee^ energy Hint 
accelerates the sjieed. 

The governor require* f 0 sec to respond To the load change, and mi the 
gates do not start to close until point C (time £ 0 ). In many cases this lime 
lag (f 0 ) may be snfeh assumed as U *oc. Tt is assumed for simplicity thal 
the gates then cln-e at a uniform iate atirl ♦li.il the power output at ;in> 
instant is proportional to the gate opening, so that (7) is a straight line. If 
llie load change is taken us instantaneous, t ( Incomes zero. Then, fiom Fig. 
29, the urea between the input and load liwvi is approximately 

* + Wztf.WL±« m 

Converting this to the customary units of footqxmiKls by umlT iplying by 550. 
the energy available to accelerate the .-qieod of the* unit when full load i* instan¬ 
taneously removed l incomes: 

w 550 P(T -+ t n ) , A 

E =---- foot-pounds 18] 

If this energy is equated to the kinetic energy in speeding up the unit from 
A to A' in the time T , an equation for the ratio of the increase in Ri>oed to the 
normal speed, called momentary relative wjieed rise (i), is obtained as follows 
for sudden load decrease. 
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or 


N' - 


_ . . J, , l,620,000P(T + tt 

N -1 + V 1+ - JPW? - 




For Buddcn load increase the relative speed drop is 


m 


^ f /l - 1,620,000(T + h) 

N " c 


[ 10 ] 


The value of the flywheel constant, C t an already defined, is an indication of 
the stability of regulation of the unit. C is derived from the equation 


C 


N 2 Wr* 

P 


[13] 


Past exjiericuce lias shown that, if C is leas than 3,000,000, the governor 
is likely to hunt even under nearly constant load. If the penstock is very 
short and there is little danger of surge or water hammer so that the governor 
time, T, ran be made very ^hort, then values of C of 4,500,000 or more give 
satisfactory governor regulation. For propeller turbines the value of C should 
be at leant 5,000,000 foi stability at constant head and load. 

For pmti,'ll load change* the corresponding speed variations are less. As¬ 
suming that the governor delay and closure tune both vary in proportion to 
the load change, then ihe total governor operating time may be assumed to 
be proportional to the load change. If x represents the ratio between the 
partial load change and full load change, then Eqs 9 and 10 foT the relative 
s]ieed nsc and drop, respectively, with a partial change in load, iP , become 


V, - -1 + yji + -f,— X [t» + x(T - /„)] 1121 

for relative speed rises on sudden load rejections, and 

u-l-yjl- X [<o + x(T - („)] [13] 


for relative hj>eed drops on sudden load increases. 

Note: The dela} r to does not diminish at partial load changes, but only the 
actual governor time, T — fo- 

A simpler equation for the tqjeed-change ratio that is commonly used is as 
follows: 

S10,000j 2 r fli41 

*'- c — 1141 

applying to speeil rise ns well as &pocd drop. This equation is obtained from 
Eq. 12, assuming, however, incorrectly, that the average speed during the 
load change equals the normal speed and that the governor delay, t 0 » is 
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Equation 14 should not be used when it gives high relutive speed changes! 
such as are caused when C is small and T is long, as results would bo seriously 
in error. 

Equations 9, 10 , 11, IB, IS, and 14 arc adequate only for moderate relative 
speed changes, and when the head H remains constant during the process of 
regulation . These equations are applicable only to sudden load rejections 
from full or part load, to zero, arid for sudden load increases from zero to full, 
or part load to full, and are not correct for intermediate part-load changes . 
The reasons for above limitations are set forth m Section 14 . 

Gradual Pressure Changes in Penstock . It fens l>een assumed that the pres¬ 
sure changes take place within the period of initial action of the governor. 
Any pressure changes occurring much more slowly than the governor move¬ 
ment will not seriously affect the calculated results but will have an after¬ 
effect dependent on the amount and rate of pretire change. 

Such relnti\cly slow pressure changes are caused by wave accumulation in 
open flumes where there is a free water surface, or in pipeline** in which there 
arc singe tanks. In such cases, if the maximum pressure rise or drop pro¬ 
duced at the turbine occurs long after the initial movement of the governor, 
it must he investigated in accordance with the principles discussed in Chap¬ 
ters 34 and 35. 

Power Surges. With long transmission lines, electrir disturbances due to 
sudden load changes may also react upon the governor of the prime mo\er 
and may accumulate to such extent that the generator fall*, out of step. It i- 
essential that in the selection of the equipment these factors be considered. 

14. Summary of Speed Regulation Problems. Several secondary fac¬ 
tors affect speed regulation. The magnitude of tlieir effect ma> be consider¬ 
able, es-iiecially in a system that does not consist of a limitiplieit\ of generat¬ 
ing limits with a diversified load. Tlic-c secondary factors are 

1. Rate of change of output by action of governor. 

2 Runaway speed. 

3 Head variation. 

4. Windage and friction of revoking parts. 

5. Change of head dui to change of flow. 

These secondary factors arc discussed and formulas for determining their 
magnitude in various ritual ions are given in Ref. 8. 

It is realized that the problem of speed control, especially of turbines re¬ 
ceiving water through a pressure conduit, is a very intricate one, requiring 
step-by-step, lengthy comput at ions lor close end results. These calculation* 
should bo done by an ex]jcrt. (For explicit step-by-step computations see 
the excellent paper by E. B. Ptrowger and S. L. Kerr, entitled “Sliced Changes 
of Hj'draulic Turbine for Sudden Change of Load,”* and also some detail 
examples in Ref. 8.) 

♦Spring meeting of American Society of Mechanical Kngint* r», Sai FranriHco, 
Calif., 1926. 



SUMMARY OF SPEED REGULATION PROBLEMS 911 

If approximate calculations are sufficient, the results of simplified equations 
assuming a safe margin are plotted in two curve charts, A and B in Fig. 30, 
for sudden load rejections. 

Chart A shows qh ordinates the ratios LV/H } where L is length of pressure 
pipe in feet, V the full-load average velocity of water in feet per second over 
the total length L, and H the net head in feet at full-load flow of water. The 
relative pressure rise in percentage above the net head H is plotted as ab- 
bcisaas. 

For each individual pressure rise or abscissa of chart, the value tJH/LV 
or tg/(LV/H) rcmniiib constant, and so the value LV/H is directly a multiple 
of the governor time T. Thm the value LV/H or the ordinates can be taken 
from the curves of the governor time T of 1 to 15 bcc or for fixed values 
LV/1I the icMiltant per rent pressure n^cs for a selected governor time can 
be read. 

Chart B shows the maximum percentage of relative speed rise for ordinate 
values C/T at various percenlages of maximum pressure rise as abscissas. 

C being the fh wheel constant N' 2 Wr 2 /P (Eq. 11), from which the flywheel 
effect of rotating mu*so of the unit can bo computed for the respective speed 
N of the unit and normal output P, or for a fixed ratio C/T, the per cent 
pressure rise can be determined for a fixed per cent relative speed rise 

The result of Chart B is computed from the simplified formula 


N'-N , , fTT7’l^20,000\/, , A H\H 

Assuming C T = 3,500,000, the pressure rise 30%, and the governor closure 
time 3 sec, we linve for the speed rwe 


N* - A T 


.V 


-1 + 



1 , 020,000 
3,500,000 



0.30 


Tn this example, the known quantities for use in Fig. 30 are the ratio 
LV/H and C/T . and the pressure rise in the penstock of 30% (on dropping 
of the load), which we do not wish to exceed for reasons of safety. 

Taking the value of LV/H in Chart A, Fig. 30, as 25 5, we proceed hori¬ 
zontally, as indicated by the dotted line, until we intersect the permissible 
pressure rise, in this case 30%. Here we read that the required total gov¬ 
ernor time is 3 Her, From thi^ point wc move vertically along the 30% pres¬ 
sure-rise line in Chart B, ns shown by the dotted line, until we reach the 
given value of the ratio C/T, which in this case is 3,500,000, as shown by the 
dntlcd horizontal line. The intersection of the vertical and horizontal lines 
gives the approximate bjieed rise that will occur on the dropping of the entire 
load—in this case about 31%, which is a fairly conservative value. 

Figure 30 shown the hydraulic designer promptly the approximate effect 
on pressure and speed regulation of any change that he may consider in the 



(WR 1 (rpm)*\ 
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acyeral variables concerned: diameter of penstock and velocity, governor 
closing time, Wr 2 of hjdro generating unit, and revolutions per minute of unit. 

15. Plants without Governors. There are a number of small plants in 
Deration that are not equipped with governors, where the only control of the 
unit is by hand mechanism or by a motor. One of these pl ants was equipped 
in this manner because of the extreme penstock conditions and desi re to 
save the additional cost of the surge chamber or pressure regulators. Since 
these plants were to operate in parallel with other units provided with gov¬ 
ernors, they could lie sot for a constant output; and their load was varied 
only to maintain a margin for regulating on the governor-equipped plants or 
to suit the flow. 

Tin* most essential feature in a unit of this kmcl is that all of the rotating 
parts be designed to stand prolonged runaway under the maxim um head con¬ 
ditions iKJKwhlc with the gate* wide open. Although this condition may occur 
only at rare interval*, such as wheu there is line trouble or when for some 
other reason the entire load is lost, it is sure to exist at some time and the 
units should he designed accordingly. Some of these plants, which have 
mutor-o]>pr.'itcd lucchnnisiiiH, are equipped witli an overspeed flyball control 
switch that starts the innlor in the closing direction when the speed reaches 
approximately 10% or some other set value above normal. The gate mech¬ 
anism is designed to close in about f»U tec. 

Tlie scheme is particularly applicable to small plant* that form a part of a 
big power s>stern containing a large number of plants, many of whose units 
are governor-controlled. For a Miiall unit the saving in capital cost by the 
omission of the governor may be lolatively great, but with large units such 
saving in cost would be immaterial. 

16. Automatic Control Systems. Nowadays, on account of the high 
cost of labor, tlieie is a tenclenc> toward automatic equipment. Such equip¬ 
ment greatly reduces the number of oiieralnrs required and makes it possible 
to develop small hydroelectric sites that could not warrant their existence if 
the salaries of a crew of ojicrutors were to be maintained. There are three 
general types of automatic control. 

Full Automatic Control A unit designed for full automatic control is usu¬ 
ally located a considerable distance from the point of power consumption, 
and the method of operation is* approximately a* follows: As long os the 
transmission line to which tlii* unit is connected is energized, the unit will 
operaic. When the twitches connecting the transmission line to the system 
are thrown in, the first operation generally is to start the govemoi pump, 
which builds up oil pressure and slowly opens the gates of the turbine. As the 
unit comes up to speed, flyball-controlled switches connect the generator to 
the line at approximately synchronous speed through amortisscur or damper 
windings that limit the flow of current through the generator until it has been 
pulled into phase. The gates of the turbine then continue to open up until 
that point in the gate oi>cniiig lias been reached which corresponds to the 
sliced of the system and the load setting of the governor. The unit then con- 
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tinues to operate until it is shut down by disconnecting the line switches at 
the other end of the line or by some of the protective devices on the unit itself. 

Protective devices may include some or all of the following: bearing tem¬ 
perature relays, generator-winding temperature relays, water-pressure relays, 
overload relays, reverse-current relays, low-voltage relays, ground relays, 
and relays connected to any part of a hydroelectric unit that it is desired to 
protect. If the unit has been shut down by some protective device, it cannot 
again be started up until a repair man or operator has corrected the trouble. 
Units so equipi>ed arc usually inspected once each day, at which time they 
are grouted and the lubricating systems arc gogc over. 

Remote-control Stations. Remote-control stations are chiefly the out¬ 
growth of large units that arc controlled from the switchboard rather than 
from the operating floor, ns the operator at the swiichboard is in a better 
position to watch the operation of the unit, by observing the action of the 
various load meters, than is the turbine operator on tlie turbine floor. Opera¬ 
tion from the switchboard usually consists of controls to the synchronizing 
and load-limiting devices on the governor, the switch for tlie governor oil 
pmnp, the controls for the electrically operated switches connecting the gen¬ 
erator to the transmission line, as well as contact switches for shutting the 1 
unit clown quickly in nu emergency. These same electrical connections may 
be ran to a distant station, where the oi>orator, observing the action of the 
unit through the frequency meters and load meter*, can control its operation 
These various controls are generally handled through separate wires for each, 
although n single pair of wires and a selector mechanism, such as are used in 
automatic* telephone work, can be employed. Frequently this remote-control 
system is combined with an automatic-control system, the unit being started 
up by remote control and the load adjusted to «uit demands or according to 
water supply, .and the automatic equipment Wing provided to take care of 
any emergency shutdown. 

When a unit i«* operated from a penstock so long or subject to such high 
water velocities that only a very gradual change is permissible to hold the 
pressure variations within safe limits, the rate of change of discharge either 
by hand or by emergency shutdown means must be very gradual. A alow 
closure, however, may cause a complete runaway of the unit, and although 
this may not harm tlie unit itself, it yet may damage the pipeline, because 
the rhoracleristic of the turbine may bp such that on a runaway its discharge 
is materially reduced, and, if the inherent flywheel effect of the detached unit 
is small, it maj* attain the runaway condition so quickly thut the meanwhile 
redured discharge causes a serious water hammer. Tn this event a pressure 
regulator is indispensable. 

Float Control . The third lype of automatic equipment is designed to pir¬ 
ate the unit so as to utilize most effectively the full flow of the stream. Two 
or more float-operated contact switches are provided, either in the forebny 
«w connected to the penstock, and actuated pressure. ‘When the water in 

t\ip loTeWy n«sa H» a yrwVA\w r \^, \\wi urn' Sb Started up, rsj\»&SO- 
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sized, and placed on the line, carrying its full rated load until the water in 
the pond reaches a predetermined low level, at which time the unit is shut 
down tight. 

Combinations of this system may be arranged by adjustment of the full 
load that the unit may carry to suit approximately the average flow for the 
existing season; or five or ten different level-operated switches may be pro¬ 
vided, so that when the water is at the maximum height the unit carries a 
full load, when it drops 1 ft to the next switch the unit carries 0.9 load, and 


V ♦ 

) 


Fig. 31. Float-controlled unit of Lihuc Plantation Co., Lihue, Hawaii. 1070-hp, 
208-ft head, 900 rpm. (Allis-Chalmere.) 

when it drops 10 ft the unit is shut down entirely. With this lost system 
the unit would operate practically continuously and would carry a load cor¬ 
responding approximately to the stream flow. This system includes the pro¬ 
tective devices similar to those of the remote-controlled and automatic-con- 
1 rolled stations. It is used aUo in connection with both the automatic and 
remote-controlled systems to regulate the amount of load that the unit may 
take. 

Float control is necessary also when no forebay storage is available, and in 
this event the unit at all times must be adjusted according to available flow 
irrespective of maximum load demand, The float acts upon the load-limit 
device of the governor mincing gate opening when flow decreases. When all 
the available flow must 1* delivered continuously to the tailrace of the unit 
for irrigation purposes, a water-wasting by-pass must be provided and so 
interconnected that first the action of the float reduces wastage of water 
through the by-pass until it is stopped completely, and then the float acts 
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upon the load limit of the governor until it has reduced the flow through the 
turbine to equal that available, and vice versa. Figure 31 shows such a unit 
installed at the plant of the Lihue Plantation Company, Liliue, Hawaii, rated 
1070 hp under a 20S-ft head at 900 rpm (Alliy-Chalmers). 

17. Pressure Regulators. Pressure regulators are devices used with 
hydraulic turbinCH where long penstocks are involved; they are to prevent 
rapid velocity changes in the pipeline in that they open when the turbine 
gates close. When surge tanks, which materially reduce the pressure section 
of pipe, are used, pressure regulators are generally unnecessary. 

Pressure regulators may he designed for water-saving action, so that they 
close slowly after steady condition* have liecn attained, or for water-wasting 
action, so that they maintain approximately constant velocity in the pipe¬ 
line and close only when the turbine gates arc again opened. They are not 
responsive to pressure variations in the pipeline but are operated solely in 
connection with the control mechanism of the turbine (either by hand, electric 
motor, or automatic governor). 

A pressure regulator consists of the main outlet niul of its operating device 
and connections to the turbine. Depending on design, physical size, and 
operating head, the main outlet may be actuated directly or by a servomotor. 
Three principal types of main outlets are in use: 

1. The balanccd-cylindcr-gatc type. 

2. The mushroom-di^k typo. 

3. The needle-valve 1yi>o. 

The balanced-cylinder gate is siulable only for moderate physical size and 
for low and moderate heads. The musliroom-disk and the neodlc-val\e types 
are suitable for any size and head. 

The water-wasting procure regulator opens and closes as the turbine gates 
close or open, irrespective of rate of movement: ilic*> remain wide ojwn when 
the turbine, gates are completely closed and dosed when the turbine gateh are 
wide open. If the discharge capacity of the* pressure regulator equals 100% 
of that of the turbine, and if its discharge cuive i*. iuversed to that of the 
turbine at all intermediate gate positions, then the total discharge through the 
turbine and pressure icguliitor remains equal to the full discharge of the 
turbine so that the velocity in the penstock remains constant. If the total 
discharge capacity of the pressure regulator is only M) f / f of ibe total discharge* 
capacity of the turbine, a reduction of 20 r in the discharge through the 
penstock takes place on full-load rejection, ami a 20 f / v increase in d inch urge 
through the penstock occurs on full-load me lease. 

Likewise, any discrepancy in synchronism during the control movement 
results in a corresponding change* m velocity of water in the jienstock and 
may produce disturbing pressure variations if the penstock conditions are 
severe. The water-wasting pressure regulator must tie used when the flow 
in to be maintained (for irrigation, etcj irrespective of load condition* or 
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where the load fluctuates mj rapidly that the water could not be accelerated 
on sudden loud demands without musing serious pressure decreases in 
penstock. 



Flo H2 (lOYoniOT-f onl rolled pi< win* icgulutor for wa*ri-saving or water-wasting 
opnnlion Pilot vuhe m ught ih opi rated finm gate mechanism and when gates 
eloM* irkuses prevails from within nlindei, allowing mushioom valve to open 
lo maintain roust nut Acloeity in pcnsloek Dshlipot then rontiols pleasure regu¬ 
lator closing lime 01 . li locked, pressure regulator lcmuins open, wasting water 

(Allis-Chalmers) 


The water-saving pressure regulator ib deigned to open only when the 
turbine gates are closed at such sliced as would can*e exccbsive procure rises 
in tlic pcnMork and then to close so gradually that no undesirable pressure 
nse will be set up in the jien^tock. Thi* is accomplished by an oil dashpot 
between the turbiue control mechanism and the main outlet, which on slow 
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movement of control absorbs the movement so that the outlet remains closed, 
or on fast control movement transmits it with practically no delay and then 
slowly closets the outlet. Locking of oil-doshpot piston with cylinder elimi¬ 
nates the relative movement so that the outlet moves synchronously (water 
wasting) with the control of the turbine. 

Interlocked control is necessary when the pipeline conditions are so serious 
that no appreciable delay between the action of outlet and control of turbine 



Fig. 33. Hoover Dam pressure regulator for unit A7. (Allis-Chalmcrs.) 

is tolerable. This deMgn prevent b the turbine control from closing if the 
mam outlet sticks and refill to open, and thus it retards the closing so that 
diingmm& procure are averted. A powerful oil dashpot and connec¬ 
tions are required in order to counteract all forces produced by the governor. 

The nonmterlocked mushroom type, shown in Fig. 32, consists of a mush- 
roam-"JL i i]wd di^k mounted on a stem and held against the outlet of an elbow 
connected usually to the turbine casing. The stem projects through the elbow 
into a cylinder either directly combined with the elbow or separate in case 
other than penstock pressure is used The stem carries a piston holding the 
outlet dosed when the space below the piston in held under full penstock 
pressure, but the outlet opens when the pressure is reduced by a control valve 
operated by a relay mechanism between turbine control, oil dashpot (unless 
directly water-wasting), and main outlet. 
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The needle-valve type (see Section 9 f Chapter 26) differs from the mush¬ 
room type only in that it opens upwardly whereas the mushroom type opens 
downwardly, the inlet elbow being designed accordingly. Some designs have 
the control valve built directly with the pressure regulator, with the disad¬ 
vantage that the hydraulic control becomes inaccessible for inspection or 
repair. 

The interlocked type in both mushroom and disk form, as well as in needle- 
valve design, has successfully served in connection with the Hoover units. 
The interlocked mushroom type as developed by Allis-Ghalmers is shown in 
Fig. 33. This pressure regulator is designed to open fully in 4 sec's governor 
time, requiring only moderate force over the control by reason of its hydraulic 
action. The oil dashpot located on top of the pressure regulator with piston 
adjustably connected to the oil servomotor actuating the turbine gates is pro¬ 
vided with an adjustable by-pass jet so that the main outlet of the pressure 
regulator is closed automatically in 50 sec from wide-open position. However, 
in the event of failure of the main outlet to open, the dash pot becomes inter¬ 
locked with the outlet so that a high oil pressure is at once produced under 
the dashpot piston, resisting the force of the governor. At the same time 
this higher oil pressure causes the oil by-pass to do** tightly. Thus, the gov¬ 
ernor is retarded to a rate of close to 50 sec so that no appreciable pressure 
rises take place in the penstock duung the closure of the turbine gates. 

18. Absorption of Kinetic Energy from Pressure-regulator Dis¬ 
charge. The kinetic energy contained in the water discharging from the pres¬ 
sure regulator may be so considerable that the discharge cannot be allowed 
to occur freely into the tailrace. For instance, 80% discharge capacity of the 
Hoover I)iiin pressure regulators represents an output equivalent to 80% of 
115,000 or 92,000 hp, which, if released into the tailrace, would cause destruc¬ 
tive disturbances. It is necessary to transform this energy bv reducing the 
velocity of the discharging \iater. This is accomplished with so-called energy 
ahsortars of various designs, used as early as 1913 in connection with the 
pressure regulators of the double overhung impulse units at Big Creek plants 
Nos. 1 and 2. (See Chapter 38, Table 1) 

The kinetic energy still contained in the water discharging from the pres¬ 
sure regulator proper must be reduced before the water reaches the tmlrace 
to avoid destructive effects. For high heads this reduction has been success¬ 
fully accomplished with energy absorbers. The water discharges into a T- 
shaped pot with an omega-shaped bowl at its bottom which turns the jet 
stream lines practically 180 degrees around, against the arriving water. Thus, 
the pot becomes filled completely and causes the water to leave through the 
horizontal outlet of the T. Other means m the form of a grille made of chan¬ 
nel irons or railroad rails placed into the outlet of the discharge pot have 
also given entirely satisfactory results. 

The stationary cone of the Howell-Bunger valve is quite effective in de¬ 
stroying the kinetic energy of the jet. These valves (Fig. 24, Section 9, 
Chapter 26) sometimes serve as pressure relief valves. 
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19. Valves. Valves of the butterfly or needle (Johnson) type are used at 
the inlet of the spiral casing of many medium- and high-head units. They 
form an integral part of the hydraulic turbine equipment and are usually 
purchased with it. The safe and reliable functioning of these valves is an 
important item in the operation of a hydraulic plant, and their design and 
construction should be given as great care as other parts of the hydraulic 
equipment. The various types of valves and the details of their constnirtion 
and methods of operation are discussed in Cliapter 26 of this book. 

20. Spare Parts. Some spare parts are desirable for every hydraulie tur¬ 
bine installation. In a plant containing a number of identical units, one spare 
runner should be kept on hand. For Pclton wheels there should be spare 
buckets. From two to six spare guide vanes are advisable and at least one 
complete set of guide-vane links or shear pins if they are of the breaking 
type. With water-lubricated bearings, it is desirable to earn* an additional 
bearing Hhoc already lined with lignum vitae or other bearing material, and 
bored to size. With lignum vitae, the shoe should l>e kept in moist sawdust 
to prevent drying out. It is usually not considered necessary to carry a spare 
babbitted bearing ns this tvpe causes very little trouble, although with the 
ring-oiled horizontal Waring an extra bearing dicll is sometimes carried in 
•dork. For the governor equipment on large units a spare set of pump gears 
and a regulating valve are desirable, but on small units sea reel v nnv spare 
parts need be carried for the governor as the unit can be run on Ihe band 
control in the event of governor trouble 

The above applies to readily aeces^ilile plants. The whole matter of sjiare 
parts is dependent to a considerable extent on the degree of acresrihilitv 
Thus, plant in a remote part of South America should naturally carry 
more spare parts than one in Pennsylvania. 

21. Miscellaneous Auxiliary Equipment. Other items of auxiliary 
hydraulic equipment sometimes required in a powerhouse include head gate's, 
penstocks, drain valves and piping, eject or*, air compressor*, wrenches and 
tools, inspection manhole^, pumps for pumping out Mihnierginl parts below 
tailwater level, and an adequate means of supplying continuously, winter and 
summer, such water as is required for cooling governor oil and oil-lubricated 
bearings, and for lubricating lignum vitae, water-lubricated steady bearings. 

Head gates and penstocks arc discu-cu in Chapters J'i and 28. 

Drain valves of some sort are required in all water-power plnnts. Usually 
simple flap traps are sufficient for open-flume and low-head concrete spiral- 
cased units. Plate-steel- and cast-mctal-r -,ed unis, aH well as manv concrete 
spiral-cased units, require drains equipped with gate valves, fioquonlly with 
the operating mechanism letl up to the operating floor. Such vulm must 1* 
of liberal diameter to cairy away ,he maximum head-gale or valve leakage 
and must he of nigged design so that they c.m be opened with full head on 
the valve and closed again. They should mU have a *turdv oponting mech¬ 
anism that will not twist off if some nlwruclji « dogs lln .alve 
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Ejectors are used in some low-head, open-flume, concrete spiral-cased set¬ 
tings known os “siphon settings 1 ' to eject air from that part of the inclosed 
chamber which is above headwater. They must be properly screened to pre¬ 
vent clogging, and the suction pipe to the top of the chamber, as well as the 
ejector itself, should be protected from damage by “dead heads." 

Air compressors are a desirable accessory to provide air pressure for the 
generator brakes for slopping the unit as well as for replacing the air cushion 
on governor pressure tanks. In small governors not located at high altitudes, 
a small amount of air can be bled through the oil pump, lmt this is too slow 
a process when it is desired to get a unit mto service quickly, and it may also 
caiiM? objectionable noise in the pump. Air pressure is very useful around a 
powerhouse also for blowing out generators, for running small drills and jack 
hiimmerc, and for small repair work. In units set below tail water, compressed 
air has been iihed to depress tuilwater below the runner to permit o]>eration 
as synchronous eon donors without undue friction; Rocky River, Connecticut, 
and IliwaM-.ee, North Carolina, are examples. 

A complete set of open-end wrenches, as well as any special box wrenches 
and sockets required for special work on the machinery, should he mounted 
near the units so as to be readily available. In additiun, a number of jacks, 
burs, drills, and jack hammers should be on hand at a large powerhouse; 
smaller station* may not require them. 

Inspection manholes, especially in concrete draft tulies and concrete spiral 
eiiMiigis are not usually lurnished with the turbine but form an essential part 
of the installation. The> should be rugged in design but not so cumbersome 
as to make removal for inflection too difficult. 

Some plants at which the tailwnter 11 * 0 * above the bottom of the turbine 
are provided with gates for the draft-tube outlet and pumps for pumping 
out the draft lube and easing, so that inspection and repairs can be made 
during high-taibvatci pet km N if necessary. Usually, one pumping unit is 
sufficient, connections and valves being provided so that any draft tube can 
be pumped out at will. 

Powerhouse cranes are considered a necessity in all excepl very small 
powerhouses. Their design is inqiortanl and is di'Ciivcd fully in Chapter 37. 

The supply of continuous and adequate water for cooling oil bearings, or 
lubricating lignum vitae bearings, is important. The customary method is 
to tap the penstock or casing and filter the w r ater through a twin strainer, 
either half of whieh can be cleaned without interfering with the operation of 
the other half. This is ordinarily considered satisfactory, but in cold climates 
where frazil ice forms, or wiiere rhips or leaves arc troublesome at certain 
times of the year, such strainers have been known to dog up in ft few min¬ 
utes' time, and a number of lignum vitae bearings have been badly burned 
as a result. Revolving screens, heater tanks, and special intakes built into 
the dam have remedied this trouble at various plants. 

22. Guide for Purchasers of Hydraulic Equipment. When asking for 
quotations on hydraulic turbines and Accessories, the engineer should give the 
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manufacturers complete information regarding the physical characteristics of 
tho site and the type of unit desired. The physical characteristics are 

1. Maximum, minimum, and average static head. 

2. Fluctuations in head and tail water clevnlionH. 

3. Length and diameter of pipeline, if any, and preferably a profile of same. 

4. The net head for which the turbines are to have the best efficiency. 

5. The shuft horsepower desired at a given net head. 

6. The speed at which the turbines are to oiieratc. 

The question of proper speed for the units should he definitely settled with 
the various water-wheel manufacturers by nuking, t omotime liefore calling for 
final prices, for their recommendation^ for the given conditions. It may be 
desirable to ask for both turbine and generator bidh on two different speeds, 
ho as to compare the cost of the units, together with their relative merits as 
to efficiency and the probability of pitting at the higher bpeed. 

At the same tmie, the prospective purcliuser may well obtain the manu¬ 
facturers 1 advice as to the Wr 2 3 4 5 6 7 8 9 desirable in the generator and the allowable 
penstock velocities and spacing of units in the powerhouse. With this infor¬ 
mation at hand the proactive purchaser can i&ue a much more practical and 
more complete call for tenders and jierhaps save both himself und tlic tender¬ 
ers much time and exjjenw 1 . 

The unit desired is usually dchcnbinl m a preliminary specification or call 
for tenders which gives in detail the type and rliaracteristicn of turbine and 
accessories. It is always desirable to cuiifiilt one or more of the manufacturers 
before deciding on the type of unit, as their suggestions may save a consid¬ 
erable amount of time in arranging the details of tlie installation. Tho speci¬ 
fications should include 

1. The type of wheel niblallutiun. 

2. The percent ago of full gale power at winch it is desired to lui\c the point of 
best efficiency. 

3. The statement whether iht most efficient type ui' unit is desired or whether 
efficiency is nut of vital importance 

4. The statement whether a reliable unit or u cheaper, less reliable one is 
preferred. 

5. List of accessory equipment 1o be included, such tu> penstock valves, rail'd 
valves, steel draft tubes, governors, etc. 

6. Limits to the tuibme equipment, within which ihe manufacturer is to 
furnish all necessary parts. 

7. Locution of governor equipment. 

8. A statement whether stiurtui.il-stcel auppoitH are to be included. Tlw*e 
are usually furnished by the purchaser. 

9. Spare parts to bn included, such as guirli vane’, guide-vane Jinks, bearings, 
lined bearing shoe (if water-lubn nled), pump gems, regulator valve, etc. 

The foregoing comment an in no way complete, and suggestions for addi¬ 
tional information that should be included in the preliminary specifications 
are given subHequently in a "Form of Tabulation for Coznpari | 4 on of Hydraulic 
Equipment Quotations." 
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It ifl very difficult to obtain quotations that are strictly comparable unless 
complete preliminary specifications have been provided. To purchase from 
the lowest bidder without careful comparison of the specifications! accessories! 
details! and othor influencing characteristics of the different quotations is the 
height of folly. Unless the preliminary glorifications are sufficiently clear to 
make it certain that all bidders are quoting on the same class of apparatus, 
many conferences and revised quotations and much study will be necessary 
to line up all bids for comparison. 

To assist the engineer in determining whether the manufacturers have 
included in the bids all the requirements of the specifications and in compar¬ 
ing the bids, the following form is given. He may find it useful also as a 
check list when preparing specifications. 


Foikm op Tabulation por Comparison or Hydraulic Equipment Quotations 

Gt nrral 

1. Job. 

2. Manufacturer. 

3. Number of unith. 

4. Setting. 

5. Cubing. 

0. Type of unit. 

7. Powei of each unit. 

8. IJeud. 

0 At turbine rating (7). 

10 Average effective. 

11. Maximum. 

12. Minimum. 

13. Direction of rotation. 

14. Normal speed, rpm. 

15. Runaway speed, rpm. 

16. Specific speed. 

17. Discharge diameter of runner. 

18. Inlet diameter of runner. 

19. Recommended vertical distance fiom bottom of runner to low lailwnter. 

20. Dates of delivery. 

21. Farts for concrete. 

22. Complete units. 

23. Drawings of over-all dimensions. 

24. Complete drawings. 

25. Dimensions of unit affecting size of substructure. 

26. Shop inspection. 

27. Shop assembly. 

28. Length of guarantees. 

29. Shop painting. 

30. Is field erection included in bid? 

31. Daily Tale of const met ion superintendent if field erection (30) is not 
included. 

Weight* and Price 

32. Shipping weight. 

33. Heaviest piece. 
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34. 

35 . 
30. 
37. 


38. 

39. 

40. 

41. 

42. 

43. 

44. 

45 

46 

47. 

48. 


49. 

50. 

51. 

52. 

53. 

54. 

55. 

56. 

57. 

58. 

59. 

60. 
61. 
62. 

63. 

64. 

65. 

66 . 

67. 

68 . 
89 . 

70. 

71. 

72. 

73. 

74. 

75. 

76. 

77. 

78. 

79. 

80. 
81. 
82. 
83. 


Total apparatus. 

Weights of runner, shaft, and hydraulic thrust. 
Total price and terms of paymcnl. 

F.03. where? 


Guaranteed efficiencies. 

Full load. 

_% load. 

% load. 

Average between __ 

Tested efficiencies. 

Full load. 

_ % load. 

_ % load. 

Average between _ 

Where tested? 

Details 

Length and size of penstock reducers. 

Wheel casing. 

Type. 

Material. 

Thickness. 

Drain pipes, fittings, and valves. 

Manholes and material of bolls. 

Draft-lube manhole and cover. 

Turbine pit-liner malerial and length above center line of turbine. 
Speed-ring material and const ruction. 

Turbine gales. 

Malerial. 

Machined surfaces. 

Clearances. 

Sealing devices and estimated leakage at full head. 

Stuffing bnxe**. 

Method of lubrication 
Removable wearing surfaces 
Top of gate. 

Bottom of gate. 

Turbine-gate rigging. 

Shifting-ring bearing linings. 

Links designed to break. 

Method of lubnration. 

Individual adjustment. 

Two or three bearings for gate stem 
Runners. 

Type. 

Material. 

How secured to shaft. 

Capable of runaway spend? 

Removable weani l sui laces. 

At top of runner. 

On runner. 

On casing. 


Efficiencies 


.% and_ % load. 


.% and_% load. 
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84. At bottom of runner. 

85. On runner. 

86. On casing. 

87. Drainage bock of runner. 

88. Main abaft. 

89. Material. 

90. Polished. 

91. Type of coupling. 

92. Coupling bolts. 

93. Coupling reamers. 

94. Distance from renter line of turbine to end of shaft. 

95. Diameter. 

96. Main-shaft bearings. 

97. Type. 

98. Lubrication. 

99. Cooling system, piping, and screens. 

100. Lining. 

Governor * 

101. T.ypc and number. 

102. Capacity, foot-pounds and foot-pounds per second. 

103. Servomotors or levers. 

101. Number of servomotors and volume of each. 

105. Oil pressure and quantity furnibhed. 

106. Pumping system. 

107 Pumping rapacity in gpm each. 

10N. Piping and pressure lunk size. 

109. Hand control. 

110. Switchboard control. 

111. Guaranteed speed regulation. 

112. Loud-off to zero, time of rlosure. 

113. _ c /r speed rise. 

114. Load-on from zero. 

115. _% load,_ % Hpeed drop. 

116. Based on what generator Wr 2 ? 

117. Dead bent. 

118. Will not hunt. 

119. Operate in parallel with others. 

120. Sensitive to what percentage of load changr. 

121. Spccd-liniil ing device. 

122. Air compressor. 

123. Water-pressure rise for full load off. 

124. Water-pressure diop fur full loud on. 

AccvMOnes 

125. Vacuum and pressure gages. 

126. Tael lomct era. 

127. Friction brakes. 

128. Relief vulves. 

129. Breaking plates. 

130. Penstock valves, companion flanges, and bolts. 

131. Set of wrenrhes and wrenchboard. 

132. Complete sot of cup leathers, packing, etc. 
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133. All jigs* gages, and templates retained for replacements. 

134. Handling devices. 

135. Jack screws for breaking joinls with bronze screw plugs. 

136. Foundation bolts. 

Workmanship 

137. A comparison to be given here of workmanship specifications and working 
stresses used in design. 
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CHAPTER 40 


ELECTRICAL DESIGN 

By Raymond A . Hopkins * 

1. Electrical Design. The electrical work of a hydroelectric develop¬ 
ment starts at the coupling which drive the generators and includes the gen¬ 
erators, exciters, generator-voltage switching and connections, step-up trans¬ 
formers, transmission-voltage switching and connections, control switch¬ 
boards and wiring, signals, annuncia¬ 
tions, communications, auxiliary power 
supply and distribution, lighting, heat¬ 
ing, and finally the transmission lines. 

This chapter briefly reviews the 
fundamentals on which electrical de¬ 
sign is based. For more detailed dis- 
eushions, reference should lie made to 
the bibliography at the end of this 
chapter. 

2. Current. A current of electricity 
is conceived of as a stream of moving 
electrical particles or quantities. The 
strength of current is measured by the 
number of unit quantities which pass 
a given cross-section of a conductor per unit of tunc. The unit of currenl 
is the ampere. 

A direct-current circuit is one in which the direction of the current and 
voltage does not change. An alternating-current circuit is one in which the 
current and voltage alternate in direction periodically. With minor excep¬ 
tions, electric energy is generated, transmitted, and utilized as alternating- 
current energy. In commereial power circuits the positive and negative 
loops are equal to each other and closely approach the sine-wave shape as 
illustrated by the graph in rectangular coordinates in Fig. 1. 

3. Voltage. The flow of current in an electrical circuit is due to a dif¬ 
ference of electric pressure nr potential from point to point in the circuit. 
The total difference of potential applied to the circuit is called the impressed 
voltage. The unit of voltage is the volt. 

The voltage of a circuit generally refers to the voltage between conductors, 
although the voltage from conductor to neutral or to ground may be less. 

* Head Electrical Engineer, Tennessee Valley Authority, Knoxville, Tenn. 
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Fin 1. Current and voltage diagram 
in rectangular coordinates. 
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The voltage between conductors is known os the line-to-line voltage, the volt¬ 
age from a line conductor to the neutral of the system is known us the line-to- 
neutral voltage, and the voltage from a line conductor 1o ground is known as 
the line-to-ground voltage. When speaking of a system tliat has the neutral 
conductor carried out along with the line conductors so that either the line- 
to-line voItAge or the line-to-neutral voltage is available at points of utiliza¬ 
tion, the system is referred to as a double-voltage system; examples: a single- 
phase, 3-wire, 220/110-volt system; a 3-phase, 4-wire, 4000/2300-volt system. 

Tn order to allow for voltage drop in the distribution system, it is customary 
to rate generators 4 or 5% higher than motors, as, for instance, a 2300-volt 
generator and a 2200-volt motor. 

Nominal voltages in general use in the United States, with those preferred 
hy NEMA-NELA Joint Committee of 1930 italicized, are as follows: 

DiRKCT-rritRRVT Voltages 

12 24, 4fi—telephone*, nignuls. 

125. 250—lamps, motors, heaters, exciters. 

550, 600—motors, heaters, railways. 

AlTERNATING-TCHREN'T VOLTAGES 

//5, 220, 230—lamps, motors, heaters 

440 , 550—motors, heatprs. 

2.WO, 4000 , 4600, 6600, 11,000, 13, JW—geiieintors distribution, motors 

22,000, 3,ym t 44,000 MijOOO, 110,000, f'ttS/M, 151,000, 1K7.000, £20,000, U0/)00 
—transmission. 

4. Effective Values. For alternating-current circuits, it is seen from 
Fig. 1 that the instantaneous values of current, 7. and voltage 1 , E, vary con¬ 
tinually between maximum positive and negative values. The effective or 
rool-menn-squaTe (rms) value i* the square loot of the mean of the squares 
of the instantaneous values for one complete cycle For a sine wave, the mis 
value is equal to the maximum value divided l»v The rms value del er¬ 
mines the energy and is always understood except whpn specifically stated 
otherwise. 

5. Power. Electric power is the time rate at which electric energy or 
work is expended or delivered. The unit of jiowcr is the watt. For a simple 
resistance circuit, the power is equal to the current, 7, multiplied by the 
voltage, E. or 

P = EI [1] 

6. Energy. Electric energy or work is expended in a circuit whenever n 
voltage is applied to the circuit and a current How’s. The unit of energy i« 
the watt-hour. For a simple resistance eiicuit, the tiergv ir ec|\»il to the 
product of the current, I, the voltage, E, and the time in hours, f, or 

W •= Elt [fc, 

7. Frequency. The frequency of an alternating-current circuit is the 
number of cycles, or complete reversals, per second, which its current and 
voltage undergo. 
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A synchronous generator or motor operates at a fixed synchronous speed 
deluding upon its number of poles and the frequency of the circuit. An 
induction generator or motor operates at a speed near synchronous speed, the 
slight difference being called the slip and deluding upon the load. The 
relation between synchronous speed, number of poles, and frequency is given 
by the equation: 


a 


120 / 

P 


[3] 


where a = synchronous speed in revolutions per minute; 
/ — frequency in cycles per second; 
p = numlter of poles. 


Various frequencies from 15 to 133 eyries have been incd and a few are still 
in use. In Norih America, 00-cycle frequency is standard, although lower 
frequencies still exist in a few cases. In southern California a large 50-eyele 
system lias recently been ehanged to opt'rate at 00 cycles. Around Niagara 
Falls, considerable energy is generated and used locally at 25 cycles. Outside 
North America the standard is generally 50 cycles, with some railway and in¬ 
dustrial ii«p at 10 2 .i cycles. In genernl, 00-eyelc frequonrv i" preferred because 1 
it avoids flicker in lighting and requires less expensive transformers. The lower 
frequencies are, however, slightly more favorable for transmission and for 
large rotating machinery. 

8. Number of Phases. The pha^e of an alternating-current circuit or 
device usually refers to the number of phases, as single-]ihase, 3-phase, poly- 



Fiu. 2. Voltage, cuncni, and power relations in balanced 1-plmse, 2-phase, and 

3-pliasc circuits. 

phase. A further explanation of tlu^e terms is given in Chapter 41, Section 1, 
Generators. Fundamental voltage, current, and power relations in 1-, 2-, 
and 3-phnse systems are indicated in Fig. 2. Comparative voltages, currcnls, 
conductor sizes, and Inwn are given in Table 1. 

Single-phase circuits arc used extensively for lighting, heating and general 
utility in buildings. They also are used for extending polyphase distribution 
lines as in rural distribution and for some railway electrifications where series 
motors are used. For induction and synchiuiious motors, however, the single- 
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* Neutral carried no current under balanced load conditions but usually is proportioned according to expected amount of unbalance. 
For thii* comparison the total conductor material is ba^ed on the neutral conductor size shown, but voltage drop and power Jobs are 
baaed on balanced loads with no current in the neutral. 
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phase circuit is not desirable since it has no definite phase rotation, The 
single-phase motor must have a starting, winding, and centrifugal switch to 
disconnect it. after starting, or some other form of starting device. Only small 
motors are usually so built. 

Polyphase circuits carry the phase rotation of the generators. This pro¬ 
duces a rotating field in the induction and synchronous motor which causes 
it to start and gives it a definite direction of rotation. For Ihis reason the 
polyphase circuits are used almost exclusively for all power transmission and 
distribution. Two-phase systems have the disadvantages of many wire* as in 
systems C and E , Table 1, or of dissymmetry as in system D, and although a 
few 2-phase systems arc still in existence they ate being replaced as fast as 
economically possible. The 3-phnse system is practically universal for new 
work, the 3-wire system being used for all power applications and the 4-wire 
system being used where single-phase, lower-voltage loads are expected. 

The higher-voltage systems, B, E, and (! of Table 1, require less conductor 
material than the others, even when the neutral conductor is included, and 
considerably less if the neutral conductor is not required. In most cast's the 
power loss is also less. Insulation need not he increased if the system neutral 
is grounded. 

0. Circuit Constants. Every electric circuit is characterized by one or 
more of the constants resistance, inductive reactance, and conden*ive react¬ 
ance, which are independent nf current and voltage but depend upon the 
physical composition and dimensions of the circuit. The resistance deter¬ 
mines the energy loss by heat; the inductive reactance determines the energy 
storage in the surrounding magnetic field; and the condensive reactance 
determines the energy storage in the surrounding dielectric field. The three 
constants are defined more specifically by the following equations: 


R = e! 


a 


[4] 


Xl = 2 TTfl 
i 

2 xfC 


X c = 


where R = resistance in ohms; 

Xl ** inductive reactance in ohms; 

Xff = condensive reactance in ohms; 

P = resistivity in ohms per mil-foot; 
l = length in feet; 

a = cross-sectional area in circular mils 
t - 3.1416; 

/ - frequency in •*;. *les per second; 

L = inductance in henries; 

C = capacity in farads. 


15 ] 

16 ] 
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When a circuit contains resistance only, the current is in phase with the 
voltage, as in Fig. 3. If it contains inductive reactance only, the current 
lags the voltage by 90 degrees as in Fig. 4. If it contains rondensive react¬ 
ance only, the current lends the voltage 
by HO degrees, as in Fig. 5. Usually a 
rirruit contains all three constants to 
some extent, and the amount the cur¬ 
rent lags or leads the voltage depends 
on the relative values of the ; nductive 
and eondensive reactances A circuit of 
this last ty]H* is represented in Fig 1, 
whore the current lag* the voltage by F,a ’ 3 Teri * 1 ' 

0 degrees. For convenience, the differ¬ 
ence between the inductive and cmnlensivc reactances, which can lie considered 
the net reactanee, is called simply the react anee and is designated by the letter 
A”. The inductive reactance is heroinaitcr considered jHisitive and the con- 




Ficj 4. Circuit containing indue- Fin. 5. Circuit containing cnnrlen- 
ti\e reactance only. give reaclance only. 


deiiMxc* reactance negative The reactance mav be either positive or negative, 
depending on nliich one of it*' two components has the larger value; thus: 

X = A'i, - Ac [7j 

The resistance, /?, and the reactance, X, cif a circuit, lieing 90 degrees out of 
phase with each other as regards their effect on the current, may be resolved 
into one equivalent value called the impedance, /, thus: 

z = Vit* + x* [s] 

Tlie voltage across the tern duals of n circuit in terms of the current and the 
circuit constants is, from Olim's law: 
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where E = voltage iu volts; 

/ a current in amperes; 

Z ■* impedance in ohms; 

R = resistance in ohms; 

X = reactance in ohms; 

Ei = 1R = power component of E; 
Ei — IX = reactive ooinponent of E. 


likewise, the current may l>e expressed in terms of the voltage and reciprocals 
of the circuit constants as follows: 


7 = EY 

- eVg^+'b* 

= V(M;y+-(EH) 2 

= v'/.*+>7 


[ioj 


where 7 = current in amperes; 

E = voltage in volts; 

Y = \!7j — admitlancc in mhos; 

G # — R/Z 2 = conductance in inhos; 

B =» X/Z 2 = Husceptance in minis; 

1 1 — EG = power component of /; 

Ii = EB = reactive component of 7. 

Resistance, reactance, and impedance are usually more convenient for iw* 
with seric* circuits, while conductance, suscejitance, and admittance are more* 
convenient where parallel eiicuits are involvi'd. 

10. Power Factor and Reactive Factor. The cosine of the angle by 
wliirh the current leads or lag* the voltage is called the power factor ol tlu* 
circuit. The power (kilowatts) 1 * the product of the current, voltage, and 
power factor, thus: 

l* - El riisfl fill 

The sine of the angle by which the current leads or lags the voltage is railed 
the reactive factor of the circuit. The 1 cactive kilovolt-amperes is the product 
(kilovors) of the current, voltage, and reactive tact or thus: 

Q = El sin 6 [12] 

The kilovolt-amperes, or kva, of a circuit is the product of the current and 
voltage, thus: 

K - El [U] 

11. Vector Representation. Alternating currents and voltage* are con¬ 
veniently represented by vector diagrams, as illustrated in Fig. fl, which 
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represents the same currents and voltages as are represented in rectangular 
coordinates in Fig. 1. The length of the vector corresponds to the effective 
value of the current, or voltage, and the angular position represents its phase 
displacement with reference to the axes. The vector rotation is considered as 
counterclockwise, so that in Fig. 6, as in Fig. 1, the voltage leads the cur¬ 
rent by the angle 0. Each vector has two components, one along the X 
axis, the other along the Y axiR. ConqHracnta measured to the right of YY 
or above XX are positive, while those measured to the left of YY or below 



Fio 0. Current and \oltage vector 
diagram. 



E f • IR 

Voltage vector diagram 





Current vector diagram 
Fig. 7. Vector component diagrams. 


.YA' are negative. For convenience, tlie four quadrants are always num¬ 
bered in the order shown in Fig. 6. Two or more vector quantities may be 
added or subtracted by adding or subtracting their components. The rela¬ 
tions given analytically in Section 9 are shown graphically in Fig. 7. 

12. Complex Algebra. Calculation of the performance of electrical cir¬ 
cuits involving vector quantities is greatly facilitated by the use of complex 
algebra, the principles of which are covered in most textbooks on algebra, and 
very completely in I>r. C. P. Steinmetz 1 Engineering Mathematics . Equation 
8 is expressed in complex notation in the following form: 

Z = R+jX |M] 

The dot under the Z indicates that Z is a vector quantity having two 
components nt right, angles to each other, namely R and X . The R part of 
the right-hand meml>er is measured along the X axis and is called the Teal 
part of the qunntity. The X part, since it is preceded by the symlml ;, is 
measured along the Y axis and is called the imaginary part, of the quantity. 
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The symbol j, in addition to indicating measurement uloug the Y axis, also 
has the value~V — 1, or p = — 1. Addition, subtraction, multiplication, and 
division of complex quantities are performed in tlie same manner oh with 
ordinary algebraic quantities, by observing this twofold significance of the 
symbol j. 

13. Short-circuit Analysis. Analyses of the short-circuit characteristics 
of a power system are essential for determining (1) the interrupting duty 



Fiji. 8. System rone tuner diagram. 


for which the circuit breakers must lie designed, (2) the mechanical stresses 
tvliich the insulators must withstand, (3) the thermal and meelianical capa¬ 
cities required for current transformers and other scries equipment, (4) 
proper relay settings, and (5) other, similar studies. The value of short- 
circuit current due to a fault, that is, a short circuit l>ctween phases or from 
phase to ground, at any point on a system depends on (1) the connected 
capacity in synchronous generators and mot urn, (2) impedances of the syn¬ 
chronous machines, and (3) imped¬ 
ances of transformers, reactors, and 
circuits between the machines and 
the fault. 

'Hie analytical solution of a single¬ 
phase or a balanced 3-phaso network, 
where resistance is neglected and re¬ 
actances are assumed in phase with 
each other, consists of replacing ele¬ 
ment alter element by equivalent 
elements of simpler construction so as to resolve the system finally into one 
reactance connecting the synchronous equipment with the fault. A typical 
system is shown in Fig. 8. The reuctunce values med apply to one conductor 
of the 3-phase circuit. 

The first step is to replace the generators, motors, reactors, transformer 
and circuits by their e p lvaleul reactances, giving Fig. }*. All reactances 
must be expressed in the same terms, that is, either in ohms at a common 
voltage liase, or m percentages to a common kva ba*e When tlie latter 


150 
45 lb 


b b 

1B.75 fib 


-to— r 


/5 


Fin. 9. Equivalent leuelnnce diagram. 
(All reactances in percentugo** to 75.000- 
kvn base.) 
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Where these simple sulwtitution processes are not adequate to rednee the 
network to a single reactance, it becomes necessary to set up a series of 
differential equations bused on Kirchhoff’s laws and solve them by substitu¬ 
tion. For analytical methods, see Section 14. 

By dividing the ruled current per conductor by the percentage reactance, 
found as described above and expressed as a decimal, the initial value of short- 
circuit current is obtained. If the reactance has been worked out in ohms, 
the initial value of short-circuit current can bo obtained by dividing the 
rated voltage to neutral by the ohms. The value obtained by either method 
is known as the initial nns symmetrical short-circuit currenl per conductor. 
If the short circuit occurs at the instant llie voltage wave is passing through 
zero, the short-circuit current wave will l>c offset about its axis, the initial 
rms uiiKj*mmetrica] current being approximately 1.73 limes the symmetrical 
current. The armature reaction of the synchronou* machines rapidly re¬ 
duces the initial value of short-circuit current, the final, steady value being 
known as the sustained short-eireuit current. 

For Ihe application of oil circuit-breaker*, advantage it* taken of the fact 
that the slioii-circuit current decreases during ihe first few seconds after the 
instant of short circuit, and lienee the value of current which the breaker will 
lie called upon to interrupt will depend not only un the initial value of short- 
circuit current but also oil the time elapsed between the short circuit and the 
parting of the breaker contacts. As the result of innumerable tests and oscil¬ 
lographic records, the manufacturers of synchronous machines have old.lined 
current-decrement factor* of standard machines, which are given in Fig 112. 
The value of mis iinsyminetrical shorr-circuit current in amperes at moment 
of opening, winch is the basis of circuit-breaker rating, is obtained bj p inulit- 
plying the rated current of the system, corresponding to the kva base at 
which the reactance of the system is expressed, by the factor taken from the 
curve. Iu applying the decrement faetnis, any brandies of the system thal 
feed directly into the fault dinuld be treated separately. For instance, in 
Fig. 8, for a fault occurring on the bus instead of on the feeder beyond the 
reactor, the entire system should l>o treated as three separate branches: (1) 
the 5000-, 10,000-, and 20,000-kvn geneiators; (2) the 2r),(XX)-kva generator, 
and (3) the ir>,000-kva condenser. Each of these brandies should be reduced 
to a single reactance bu,sed on the kva or the branch, and, after the decre¬ 
ment curves have lieen applied to each, the resulting three short-circuit cur¬ 
rents should be added to obtain the total short-circuit current into the fault. 

The analysis outlined above is intended to cover 3-phase short circuits or 
single-phase line-to-line short circuits. As the latter have less decrement 
than the former they represent a more severe circuit-breaker duty and are 
used for the selection oi breakers. For this reason the curves of Fig. 12 an* 
drawn to apply to single-phase, lino-to-luic short circuits. Under some con¬ 
ditions of neutral grounding, the single-phase, linc-to-neutral short circuit 
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is even more severe than the single-phase line-to-line and should be investi¬ 
gated [10,12]. ^ 

For the determination of the mechanical forces to which bus supports and 
insulators will be subjected when a short circuit occurs, consideration must be 
given to the initial peak unsymmetrical value of current in at least one phase. 
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Fia. 12. Short-circuit current-decrement curves. 


The generally accepted value is equal to 1.8 V 2 times the initial rms sym¬ 
metrical value. In equations 19, 20, and 21 the rms symmetrical values 
are used, but the effect of the peak unsymmetrical current in one phase is 
included in the constants. The notation is as follows: 


F — force, in pounds per foot of conductor. The force between two con¬ 
ductors is attraction when the currents are in the same direction, 
and repulsion when in opposite directions; 

S = spacing between centers of conductors in inches; 
t'jiz = simultaneous values of currents in the two conductors; 

7o = initial rms symmetrical short-circuit current in amperes. 
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The fundamental equation giving the force acting between two parallel 
conductors is: 


F 


5.4 


ill* 


S X 10 7 


[18] 


For a single-phase, line-to-lino short circuit on a single-phase system, or on n 
three-phase system with conductors arranged in any configuration, the force 
is repulsion acting in the plane of the two conductors under short circuit. The 
maximum value is: 


F - 


35 


Jo 2 

S X 10 7 


[ 10 ] 


For a 3-plmse, line-to-line short circuit on a 3-phase system with conductors 
arranged at the vertices of an equilateral triangle, the maximum force acts 
away from the (‘enter of the triangle and is: 


F - 


30.3 


/n 2 

A X 10 7 


[201 


For a 3-pliase, line-to-linc short circuit on a 3-pluise system with conductors 
arranged in a plane, the force's act in tin* plane of the conductors and the maxi¬ 
mum value of the force on any conductor is: 


F 


= 26.3 


If? 


a x io 7 


[ 21 ] 


Equations 19, 20, and 21 are commonly lined by applying a factor of safety 
of 2 and specifying that the insulators shall withstand the resulting stre^ 
when applied in any direction Ihiough the center of the conductor clam]). 
For a discussion of tlie elTect of diapr ol conductor at very clo^e spacing see 
Section 17, Ref. 9. For a discii^ioil of the ctTeet of the natural frequency 
of the conductors and the siip]Hirfs under certain critical conditions see 
Section 17, Ref. 11. 

14. Analytical Methods. Two powerful analytical methods of attack¬ 
ing problem** involving In lamed nr unbalanced conditions in networks are the 
method of symmetrical component* and the tensor analysis method \V2, 171. 

15. Network Analyzer. The iinalv-is of the j)riioniiaiice of power sys¬ 
tem networks by mathematical calculation alone i** practicable onlv for com¬ 
paratively simple sydeni". When the network becomes complicated, an ii 
does with nearly all major power systems, some other method must be used. 

One of the most useful device*, is the alternating-current network analyzer. 

It consists of a number of small, a (buyable resistors, reactors, and con¬ 
densers arranged on a switchboard with facilities for interconnecting them 
with flexible cords 4 o that bv proper adjustment-» and connections a minia¬ 
ture of the system under stuih can lie set up and tested. Generators at. 
represented by w mall pin 1 -shifting transformers. Power is secured from a 
small motor-geneiator set, and instruments are provided which can bo plugged 
in by suitable keys to read current and voltage at various poiutfi in the sys- 
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tem under various conditions of Ion ding and of fault that may l)e imposed. 
Studies may be made of ciieuit-breakcr duty, relay requirements, load divi¬ 
sion, voltage regulation, and static and transient stability. The accuracy is 
well within the limits of the known constants of the actual pvatem. 

A somewhat similar, but much simpler, direct-current calculating board 
employing resistors only may Ik? used to great advantage for simpler prob¬ 
lems of network solutions where phase angles can be neglected and only 
current magnitudes are involved flO, 21]. 

16. Power-system Stability. A power system consisting of a group of 
synchronous generators, a system of transmission lines, and a group of re¬ 
sistance, induction, and synchronous loads will deliver steady load success¬ 
fully up to a certain critical value, at which Ihe torque in the air gap of one 
of the synchronous machines is no longer adequate and the machine is pulled 
out of stop. The system is said to l>e in steady-state stability at steady 
loads below the critical value and to be unstable at greater loads. Again 
while llic system is carrying load Inflow its critical steady load, a sudden 
change of load, fir a fault or other transient disturbance, may cause one of 
the ‘-ynchronoiH machine.- to *wing bovond it* ability to recover and finally 
to be pulled out of step. The system is slid to be in transient stability at 
tlio*e loads or for those transients within which il ran regain its equilibrium, 
and to be unstable at greater loads or for greater IraiMents. TWor-system 
stability is, therefore, that quality which enables the system to carry its load 
successfully in equilibrium under slead\ load condition* or to regain its 
equilibrium after a transient disturbance tending to pull it out of synchronism. 

Factors known to improve the stability of the usual power system include: 
low reactance in generators, transformers, and circuit*; bussing of machines, 
transformers, and line-; resistance or reactance in the giomulcd neutral con¬ 
nect limn of transformer banks; lngh-sjjecd relaying and breaker tupping; 
ample re.*me of spinning generator capacity well scattered over the system 
near the loads; flywheel effect in rotating machinery; low-resistance damper 
winding* on synchronous machine*; quick-response excitaliun; and preven¬ 
tion of lightning distuibailees on transmission lines |>v providing overhead 
giouiul mil's, low tower-to-ground resistance, and high conductor insulation 

|b>, *>J- 
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GENERATORS, EXCITERS, AND TRANSFORMERS 

By Raymond A . Hopkins * 

1. Generators. A generator is defined op a machine that transforms 
mechanical energy into electrical energy. The essential features are (1) a 
field or assembly of magnets arranged to produce a magnetic flux, and (2) 
an armature or assembly of electric conductors arranged across the path o.f 
the magnetic flux. The field and armature are so mounted that by the appli¬ 
cation of mechanical force a relative motion is produced between the mag¬ 
netic flux and the electric conductors, and the* motion induces in the con¬ 
ductors an electromotive force. Since the field poles are arranged alternately, 
positive and negative, around the periphery of the generator, the polarity 
of the electromotive force induced in the armature is alternating. 

The alternating-current synchronous generator, or alternator, delivers its 
induced alternating current directly to the external circuit. Alternating- 
current generators are used in hydroelectric stations where the output is to 
be transmitted over long lines, since the alternating current can be trans¬ 
formed up to siiilable transmission voltage. They are also generally used 
where the output is to be distributed locally, since the. greater part of power 
and lighting service is alternating. 

The -ingle-pliase generator has one armature winding arranged to deliver 
a single-phase alternating current to a 2-wire system. The center point 
of the winding i- sometime*, brought out to a third terminal and can l»e 
used a- a grounding point or as a neulrnl for a 3-wire system if desired. 
Single-plifise generators are only oeci-ionally used to supply special loads, 
us lor single-]jlia-e railways and electrochemical and electrothermal industries, 
and m smaller sizes for lighting loads. The arrangement of the single-pliuse 
cores and windings is inherently uneconomical, with the rc-ult that a single- 
phase generator is about 50% huger than a 2- or 3-pliase generator of equal 
rapacity. 

The 2-phase generator has two armature windings arranged to deliver two 
single-phase alternating currents, 00 electrical degiccs apart in phase, to a 
4-wire system; hence the machine is sometimes called a quarter-phase gen¬ 
erator. The center points of the two windings are sometimes connected 

together, mid then the generator is said to be interconnected. The point of 

• 

♦Ileud Electrical Engineer, Tennessee Valley Authority, Knoxville, Tenn. 
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interconnect ion may l>e used as a grounding point or as u neutral for a 
5-wire system if desired. If the machine is not interconnected, two of the 
terminals, one from each winding, limy he connected together so that the 
machine can be used on a 3-wire s>>tem. The common connection can be 
grounded if desired. Two-phase generators are used only in territories where 
2-phase systems are established, but, owing to the better economy and per¬ 
formance of 3-pliase generators and transmission systems, it often is prefer¬ 
able to use 3-phase genera tort even if phase converters are necessary. 

The 3-phase generator has three armature windings arranged to deliver 
three single-phase alternating currents, J20 electrical degrees apart in phase, 
to a 3-wire system. The dejta-coimerted, 3-pliase generator lias the end of 
each winding connected to the beginning of ihe next winding, the three points 
of connection being used as line terminals. The Hlar or Y-comiected machine 
has one end of each winding connected tugelher in common, the other three 
ends being used as line terminals. The common connection may be u**ed 
as a grounding point or ns a neutral fur a 4-wire system if desired. The 
delta connection is mu nclimes used for low-voltage, high-amperage machines, 
but usually the star winding is preferred, because of the higher voltage l>e- 
tween terminals as rompured with the voltage of each winding and because 
of the better opportunity to apply relay protection. Three-phase generators 
are always preferred to 2-phase or single-phase machines except when* the 
latter are umled to meet the local condition* mentioned above. 

The interconnections lietween windings, described above, are sometimes 
made within the machine by the maim far* hirer, but with the larger machines 
it is usual for the manufacturer to brine out both ends of each winding to 
terminals. The interconnections are then made in the station and are ar¬ 
ranged to include the nece.*sary current transformers for relay protection. 

Induction motors occasionally are driven slightly above* synchronous speed 
and oiierated as generators, but these iiManci* are very rare. For informa¬ 
tion on induction generators, see Chapter 40, Section 17, Refs. 5 and 7. 

The direct-current generator is provided with a commutator which recti¬ 
fies its induced alternating current and delivers direct current to the external 
circuit. Direct-current generators are occasionally used where the output is 
to feed loeal railway or industrial loads which require direct current. Small 
direct-current generators, called exciters, arc required in all power slatinns 
for energizing the magnetic fields of tin alternating-current generators. 

2. Generator Construction. Dros^-sectinnal views showing the princi¬ 
pal parts of a moderate-speed, horizontal generator and a low-speed, vertical 
genera lor are presented in Figs. 1 and 2 

Horizontal-shaft and vorlical-shafl g'meritors are essentially the same 
electrically, merely being modified mechanically to suit the particular typo of 
construction. The position of ♦‘•■■e shaft generally is chosen wo as to obtain 
the most favorable turbine design. 

•The revolving-field tyi>o has become prm rically standard Tor hydro gen¬ 
erators for the following reasons: (1) the armature windings, which carry 
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heavy currents and must be insulated for relatively high voltages, are freer 
from mechanical strains and vibrations when built in the form of a stator, 
while the low-voltage field windings are more adaptable to rotor construction; 
(2) the problem of taking off the large, high-voltage currents from a rotating 
armature would be very serious, but the lighter field currents can be handled 
very satisfactorily by slip rings and brushes. 

The stator consists of a cast-iron or fabricated-steel frame, a laminated 
magnetic core, and the armature windings. The windings are form-wound 
and laid in slots in the core. Large machines generally are wound with sev¬ 
eral parallel circuity for each phase. The phases usually are connected in 
delta. Both ends of each phase winding generally are brought out to termi¬ 
nals so that differential relay prolection can be provided. Frequently, in 
modern practice, both ends of two separate groups of parallel circuits are 
brought out, and split differential relay protection is applied. The coil sur¬ 
faces are treated to prevent corona discharge, and the ends of the coils pro¬ 
jecting beyond the core arc braced to prevent distortion under short circuit. 
Resistance-type temperature detectors usually are built into the winding at a 
number of places to measure the operating temperatures. For sizes small 
enough to ship in one piece, the stator is assembled completely and wound 
in the furtory. In larger sizes the stator is built in two or more sectors 
which are assembled and wound in the factory except for certain coils which 
span the splits, these being installed after assembly ill the field. For very 
large sizes, the laminated core is stacked and all coils arc installed after 
assembly of the frame in the field. The stator frame of the vertical generator 
rests on sole plalcs grouted into the masonry of the jmwerhouse structure 
while that, of Ihc horizontal generator usually rests on a bed plate which 
aho carries the bearing pedestals. 

The rotor is of the salient-pole type with windings surrounding the field 
poles w liich are dovetailed to the periphery of the laminated core. For 
low-sjwvd rotors, the laminated core consists of a floating-type rim mounted 
on a (jM or fabricated spider with hub attached to the shaft. For medimn- 
nml high-speed rotors, the core usually is mounted directly on the shaft. 
The pole windings are connected in series, and terminals are extended to slip 
rings located so that brushes can be inserted during ojieration. 

The shaft usually is of forged steel, heat-treated, finished all over, and, 
in large sizes, bored axially to assist injection of the forging. For a hori¬ 
zontal generator driven l>y a single turbine, one end of the shaft usually is 
flanged to couple to a similar flange on the end of the turbine shaft. If 
driven by two turbines, the shaft generally is extended at both ends and 
the two turbine runners are mounted directly on the two ends of the shaft. 
For a vertical generator, the shaft is flanged at the bottom end to couple 
to the lurhine shaft. A single shaft sometimes is used for a vertical unit, 
particularly if the generator and turbine arc built by the same manufacturer 
and if being in one piece does not increase the necessary crane height. The 
rotor sometimes is shrunk and keyed to the shaft. A design recently used 
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extensively in large vertical units provides at the top end of the shaft an 
integral flange which rests on the thrust bearing and to which the rotor is 
bolted. To insure accurate alinement of large coupled shafts, it is common 
practice to assemble the generator Hliuft and the turbine shaft in the manu¬ 
facturer’s shop to test perpendicularity between the face of the thrust bear¬ 
ing runner and the axis of the guide bearing journals. 

The coupling of a large vertical unit is a very important detail, especially 
in a design having only two guide bearings, one at ihc generator and the 
other at the turbine. One practice uses body-bound bolt* which must be 
shrunk when inserted or withdrawn. Another uses snug-fit bolts which 
enn be withdrawn without shrinking. In either ease, with the two coupling 
flanges matched together, the bolt holes are reamed and the bolts ground 
individually to insure accurate fits. In tightening the holts, they usually 
are stretched a predetermined amount so that the aggregate tension exceeds 
the maximum vertical load to be carried by the coupling. In removing the 
bolts, a jack usually is required. 

Bearings are universally babbitt-lined, oil-lubricated. Horizontal genera¬ 
tors always have two main hearing*. Vertical generators are provided with 
one thrust lieanng to take the vertical load of the rotating parts of the gen¬ 
erator and the turbine as well as the vertical hydraulic thrust, and with one 
or two guide bearing*. Some form of thrust bearing must be u^ed for a 
horizontal-shaft unit to resist hydraulic unbalance, which cannot be eliminated 
entirely. Sections 7 and 8 of Chapter 39 discuss thrust bearings and guide 
bearings. 

A heavy bearing bracket is required for the vertieal generator to carry 
the thrust bearing load down to the foundation. With the thrust bearing 
above the rotor, the braeket rests on the stator frame. If the thni*t bearing 
is below the rotor, the bracket span* the turbine pit ju*t below the stator. 
Two general forms of bearing bracket are common. One consists of two 
heavy, iiarnllcl beams with access to the bearing through the sides of the 
square oil reservoir. The other counts of several radial anus and a large 
hub containing the oil reservoir with provision for lowering the bearing for 
maintenance. 

Brakes usually arc provided on a water-wheel-driven generator to bring 
it to rest after being shut down. Without brakes slight leakage through 
the gales might cause the machine to rotate indefinitely. On a horizontal 
machine the brake consists of a band or two shoes 1 mm ring against a flanged 
flywheel. On a vertical machine several brake shoes bear against a machined 
surface on the bottom of the rotor. The braking force may be applied by 
magnets, oil, water, air, or purely mechanical means. The usual medium is 
air, since it usually i* available in the station, gives a smooth braking effect 
due to its compressibility, and Hi tributes the braking effect uniformly among 
the various shoes. With >( vertical machine the brake cylinders can be used 
with air for braking and with oil for jneking up the rotor. The brakes usually 
are controlled manually from a point near the machine They can be ar¬ 
ranged to bo applied automatic ally ’f requires, and this usually is done in 
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Automatic stations. When stopping a large generator the rotor usually is 
allowed to decelerate to about 50% speed by windage resistance before the 
brakes are applied. 

3. Weights and Dimensions. Approximate weights and dimensions of 
typical hydro generators of normal design arc gi\en in Tables 1 and 2. The 


TABLE 1 

Approximate Weights and Dimensions Horizontal Water-wheel Generators * 

This table applies to 3-phase, 60-cycle, 0.8-pf generators without direct-con¬ 
nected exciters. 

■ n 



l«g, 

Speed, 

Effect* 

W eight ,t 

*- 

— 


— 


hVH 

rpm 

Ib-lt* 

lb 

A 

U 

V 

D 

K 

1.000 

600 

10,000 

16.000 

S3 

56 

70 

64 

10 


300 

53.000 

23,000 

101 

62 

80 

72 

18 


150 

216.000 

33,000 

140 

67 

90 

99 

28 

2,000 

600 

20,000 

24.000 

101 

68 

86 

72 

18 


300 

107.000 

33.000 

131 

74 

97 

95 

24 


150 

433.000 

47,000 

179 

74 

101 

117 

41 

5,000 

511 

113 000 

53,000 

138 

95 

114 

72 

46 


300 

328. (XX) 

75,000 

173 

08 

119 

90 

60 


150 

1,320.000 

117,000 

238 

103 

142 

124 

72 

12.500 

514 

405.000 

122,000 

157 

133 

157 

81 

55 


300 

1,130,000 

155,000 

189 

Ml 

168 

98 

66 


150 

4,220 000 

285,000 

270 

146 

179 

140 

94 

18,750 

514 

720.000 

177,000 

173 

158 

189 

90 

60 


300 

1.940,000 

228.000 

217 

158 

189 

1L3 

75 


200 

4,190,000 

320,000 

270 

149 

180 

140 

94 

25.000 

450 

1,360,000 

240,000 

189 

161 

190 

98 

66 


300 

2,850,000 

300.000 

21G 

166 

199 

11H 

75 

31,250 

450 

1,850 000 

300,000 

189 

179 

213 

98 

66 


300 

3,850,000 

375,000 

238 

177 

215 

124 

86 

37,500 

400 

2.350.000 

385,000 

216 

177 

211 

113 

75 


300 

4.900,000 

450,000 

270 

173 

212 

140 

94 

50.000 

360 

5,230,000 

000,000 

252 

205 

245 

124 

82 


♦Data by General Elect rie Company. 

t Add 15% for shipping weight within the United States; 20% for foreign shipping 
weight. 
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TABLE 2 

Approximate Weights and Dimensions Vertical Water-wheet, Genbratorh * 

This table applies to 3-phaao, 00-cycle, 0.8-pf generators without direct-coimeotcd 
exciters. 



Rating, 

Speed, 

Flywheel 

Effect, 

Net Weight 
in Pounds 

r -*-1 

Dimensions 
in Inches 

kva 

rpm 

U>-ft 2 

Generator 

Exciter 

A 

* t 

O 

500 

100 

245,000 

42,000 

5,500 

150 

85 

24 

500 

450 

11,000 

17,000 

1.100 

80 

80 

5 

3,000 

100 

1,170,000 

105,000 

13,000 

191 

110 

24 

3,000 

450 

06,000 

41,000 

3,000 

117 

120 

30 

12,500 

100 

9,100,000 

325,000 

18,500 

305 

210 

75 

12,500 

450 

760.000 

140.000 

5,000 

150 

150 

55 

37,500 

200 

10,200,000 

560,000 

19,000 

325 

240 

90 

75,000 

150 

41,400,000 

1,250,000 

41,000 

390 

330 

100 

100,000 

138.5 

69,000,000 

1,700,000 

54,000 

450 

390 

120 

125,000 

120 

119,000,000 

2,200,000 

68,500 

500 

435 

130 


* Data by WesliughouHo Electric Corporation, 
f Including exciler. 

weight of tlu* heaviest piece, the rotor, which usually determine!' the cnfMicity 
of the turbine-room crane, \t> approximately HY/ t of the total net weight of 
the generator and h more than 50 r { if the machine w designed for nhnonnal 
oversjiepd or flj'whoel effect. 

4. Rating. The complete rating of a generator as given on its rating plate 
includes output, power faetoi, voltage, phase, frequency, sjiood, and current. 
Tlie maximum output is limited by the allowable maximum temperature 
which the insulation will withstand safely. As it is difficult to measure the 
temperature of the hottest spot in the machine, a conventional “hot test- 
spot ” allowance of 6 to 15 degrees Centigrade, depending upon method of 
measuring the temperature, is subtracted from the maximum allowable tem¬ 
perature to obtain the guaranteed observable tcniiierature. The observable 
temperature is stated in centigrade degrt^h rise above an ambient or room 
temperature of 40® C and usually is specified for continuous ojiomtion, 
meaning operation continued long enough for the machine to attain its maxi¬ 
mum temperature. Standardized temperatures for various kinds of insula¬ 
tion are given in the Standards *-f the American Institute of Electrical Engi¬ 
neers. 

The kilowatt output of a hydro generator is chosen to match the output 
of the turbine, which depends upon the hydraulic flow and head nt tfie site. 
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The turbine usually is rated on the basis of normal head and fans a capacity 
some 10 to 20% greater at maximum head. The American Institute of Elec¬ 
trical Engineers' rules require that a generator shall operate continuously at a 
temperature not to exreed fi0° C rise above 40° C ambient if it is provided 
with Class A (fibrous) insulation and not to exceed 80* C rise above 40° C 
ambient if provided with Class B (mien) insulation. A conservative method 
of matching the generator rating to the turbine rating, generally used, is to 
provide Class B insulation and to establish the generator kilowatt output 
about equal to the turbine k : Iowatt output, less generator losses, at normal 
head. With normal design the generator llien will have about 15% greater 
capacity available for higher heads without exceeding 80" C rise and will 
therefore operate for most of it« life at conservative temjieratures. 

The kva rating is equal to the kilowatt output divided by the power factor. 
Since the heating of the machine is a function of its kva output, the rating of 
a generator usually is stated in kva. The j>o\ver factor should be chosen to 
match the load requirements as closely as reasonable. Low power factoi 
requires a strong field If a generator i« built for low-] wwer-fact or operation, 
such as 0.7, and is required to operate at a high power factor, such as 0.05, 
it ltuM operate with it* normal field strength greatly reduced and is likely 
to be somewhat unstable. Many hydro generators have l>cen designed for 0.8 
power factor to match their poor power-factor loads, but for a decade or 
more, 0.0 and higher power-factor generators have been in the majority. 

Volt aye is determined bv the arrangement and connection of the stator 
conductors, the speed of rotation, and the field strength. Voltage rating* are 
available up to 25,000 volt*. Higher voltages require less copper but more 
insulation and iron, and each kva and rpm rating has a corresponding eco¬ 
nomical voltage rating. When choosing a generator voltage, consideration 
should be given to the cfT<*ct on the generator, switchgear, transformers, and 
wiring (see Chapter 40, Section 3). 

Voltage adjustment of » generator operating open-circuited is accom¬ 
plished by adjustment of field strength, by means of either the generator field 
iheo^tat or the exciter field rheostat. If a generator i* connected to a sys¬ 
tem, adjustment of field strength tends to change both voltage and power 
fuel or. 

Spied affects inversely the size, weight, and cost of the generator and, to 
some extent, of the turbine also. The speed of the unit is chosen, therefore, 
as the highest 60-eyele Hpt'ed (see Chapter 40, Action 7) at which the tur¬ 
bine manufactuier will guarautec reasonable freedom from cavitation. 

5. Efficiency. The true efficiency of a generator is the ratio of its useful 
output to its total input. The determination of the true efficiency involves 
the accurate measurement of the output and simultaneous input or the 
accurate measurement of all the losses. Accurate determination by either of 
these methods is impossible without, the use of highly refined laboratory 
instruments and means of driving the machine at full load and absorbing its 
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output. Consequently a “conventional efficiency” which is readily ohlained 
by measuring the principal losses with commercial instruments, and which 
is very dose to the true efficiency, is universally used. The conventional 
efficiency of an alternator is defined in the Standards of the American Insti¬ 
tute of Electrical Engineers and takes into account (1) core loss; (2) I 2 R 
loss in armature, field, and field rheostat; (3) stray-load loss; (4) windage 
and hearing-friction losses; and (.5) brush-friction and brush-contact losses. 
The efficiency depends upon the size, speed, and general design. Higher 
than average efficiencies can usually Ik 1 obtained, at greater first cost, by 
careful design, and the expense is sometimes warranted by service conditions. 
Approximate efficiencies of typical standard aUernating-current generators 
are given in Tabic 3. 

TABLE 3 

Approximate Efficiencies of Standard Water-wheel Uenhrators, 3-piiase, 

60-cycle, 0.8 pf * 

These efficiencies take into account the following Iohstm: Core, armature 7*7f, field 
7 2 /f, field rheostat l 2 K, stray load, windage, bearing friction, brush friction, brush 
contact. Exciter losses arc not included. 


Efficiency at Unity pf Efficiency at 0.K pf 


Rating, 

Speed, 

50 % 

75% 

100% 

50/|i 

75% 

100% 

kva 

rpm 

Load 

Load 

Load 

lioad 

Ijoad 

Ijoad 

500 

100 

01 5 

01.8 

01 0 

88.0 

80.6 

80.7 

500 

450 

92.2 

93.6 

94.0 

00 1 

01.8 

02.5 

3,000 

100 

04.4 

05.2 

05.3 

03.0 

03.0 

04.0 

3,000 

450 

94.9 

95.7 

06 0 

03.2 

01 1 

04.7 

12.500 

100 

05 7 

96.4 

96.5 

04.6 

03.4 

05.7 

12,500 

450 

05 0 

96.5 

06.0 

04.6 

05.7 

06.2 

37.500 

200 

96.4 

07.0 

97.2 

05 6 

96.3 

06.6 

75,000 

150 

96.5 

07.1 

07.3 

05.6 

90 3 

96.0 

100,000 

138.5 

06.7 

07.2 

97.4 

05.8 

06.4 

06.0 

125,000 

120 

06.7 

07 2 

07.4 

05.8 

06.4 

06.6 


* Data by Wcatinghousc Electric Corporation. 

6. Regulation. The regulation of a generator is defined in the »SfandarrK 
of the American Institute of Electrical Engineers as the rise in Aoltagu, 
expressed in percentage of normal rated-load voltage, that occurs when a 
specified load at specified i>ower factor is reduced to zero. II is usual to 
specify the load a* rated load and to give the regulation at unity and 0.8 
power factors. A direct method of obtaining the regulation of a geneintor 
is by loading it to the specified load and power factor and then reducing 
the load to zero, measuring the voltage before and after removing Ihe load, 
with speed and excitation adjusted to the same values for both measurements. 
This method is not always applicable to large generators on account of diffi¬ 
culty in obtaining the desired loadH ami power factors, and graphical inetli- 
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odd arc therefore used, os described in Section 7 aud in the Standards of the 
A.I.EE. 

7. Characteristic Curves. The typical characteristic curves of an a-c 
generator are shown in Fig. 3. The curves usually obtained by test or cal¬ 
culated in preliminary design are (1) no-load saturation, (2) air gap, (3) 
short-circuit synchronous impedance, and (4) zero power factor. The no- 
load saturation curve allows the relation between field excitation and anna- 



Fui. 3. A-r gi'iicrutor clmractrustic ruive«, 20.000-kvH, 13,200-volt, 875-amp, 0.9 
power fat lor, 3-phusc, 60-cycle. 

turc voltage at rated speed with ormatuie oi>en-circuited. The straight 
lower part indicate that with low \alues of excitation the voltage is pro- 
jmrtional to the excitation The curved upjHT portion indicates that os the 
excitation U increased above a certain isnnt the iron becomes saturated and 
Ihc voltage is no longer proportional to the excitation. The air-gap curve is 
merely the extension of the straight part of the saturation curve and does 
not take account of the saturation of the iron The short-circuit synchronous- 
impodanco curve shows the relation between field excitation and armature 
current nt rated speed with armature short -circuited at its terminals. The 
curve is usually a straight line because the demagnetizing effect of the heavy 
anna tore current oppow the magnetizing effect of the field excitation and as 
a result then* is little or no saturation. This demagnetizing effect always 
exists when the annature carrier current and is known as armature reaction. 
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The zcro-power-fuctor curve shown the relation between field excitation and 
armature voltage at rated K]>ccd with armature carrying raled current at zero 
power factor. The characteristic is sometimes obtained by loading the ma¬ 
chine with an undercxcited, unloaded, synchronous motor. The character¬ 
istic curves for various power factors may be obtained graphically as shown 
in Fig. 4. The method ignores resistance, which is usually nedigihle with 
respect to reactance. To obtain tile 0.0-powcr-factor curve, draw lines oa 
and ob perpendicular to each other, and oc making with ob an angle, $, whose 

cosine is 0.9. On the characteristic-curve sheet, 
select any field current, as A, and read voltages 
AC and B(\ Lay gff on line or, Fig. 4, voltage 
od - B(\ and with d as a renter and AC as a 
radius cut oa ut c. Returning to the curve 
sheet, locate point D by making AD - op. 
Repeat for other values of field current until a 
sufficient number of points on the curve are 
obtained. Curves for other power factors may 
be obtained by a like process, making 0 equal 
to cos 1 power factor. For unity ]K>wcr factor, 
line or will coincide with ob. It will !>o seen 
that for raled current and voltage at 0.9 power 
factor a field current of 405 amperes if re¬ 
quired. 

The armature reaction in terms of field cur¬ 
rent and the armature leakage reactance volts 
may be obtained graphically, referring to Fig. II, 
by finding by trial and right-angle triangle of 
such shape that when moved parallel to its 
lower position it* two acute corners will trace the no-load-saturation and 
zero-power-f;irtor curves respectively. For the generator shown, the arma¬ 
ture reaction in terms of field current is 135 amperes and llio leakage re¬ 
actance is 3400 volt 1 *, or 125.8%. 

The synchronous reactance is defined a* the voltage drop, in percentage of 
rated voltage, caused by the inherent armature reactance and the armature 
reaction at rated current. Referring to Fig. 8, the synchronous reactance 
is, according to "*0010 authorities, the ratio of field currents F x /F o, and accord¬ 
ing to others the ratio F X /F A . In most machines if only 5 to 15% greater 
than Fn and, therefore, the discrepancy Is small. Figure 3 shows the syn¬ 
chronous reactance to be 812.7% by the first method and 75.2% by the sec¬ 
ond method. 

The sustained short-circuit current is obtained from the relation; 



Fig. 4. Graphic method 
of obtaining ehanic I eristic 
curves at various power 
fact ore. 
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whore I 9 * sustained symmetrical rins short-circuit current per terminal in 
amperes; 

I * rated current per terminal in amperes; 

Ft * field current during short circuit; 

Fi * field current corresponding to rated current from the short-circuit 
curve. 

The sustained short-circuit current of the alternator shown, if short-circuited 
at full load 0.0 power fnrtor, in 2040 amiicrcs. 

Transient reactance includes the leakage of the field and of the armature 
and determines the total initial short-circuit current. On the occurrence of a 
short circuit the armature reaction quickly reduces the flux, and the initial 
current decreases in accordance with the decrement curve until the sustained 
value is reached. The transient reactance of standard water-wheel-driven 
generators varies from 15% for high-siieed designs to 30% for low-speed 
designs. 

Regulation may Ik 1 obtained from the characteristic curves by reading the 
voltage from the saturation curve at any particular value of field current at 
which the regulation is desired. From Fig. 3 the regulation at field current 
corresponding to full load unity power factor is: 


Reg. -- 


Ej_-E 

E 


14,850 - 13,200 
13,200 


0.125. 


[ 2 ] 


For further information cm characteristics sec Section 43, Refs. 6 and 11, 
and also Chapter 40, Sertion 17, Refs. 15 and 20. 

8. Flywheel Effect. FI>wlieel effect of a hydro unit is expressed in 
tonus of weight of lobtlinir parts limes the square of the radius of gyration, 
117f a . Most of the fl>wheel effect of a hydm unit is in the generator rotor. 
If more is required than is inherent in a normal generator design it usually 
ran be obtained by increasing the weight of the rotor rim, but in some cases 
flywheels are added. A reasonable increase in flywheel effect over that of 
nonnal design usually can be obtained at reasonable cost. If parried beyond 
a reasonable limit, however, it increases the size, weight, and cost of the 
generator; increases the reactances; decreases the efficiency; requires a 
larger building and heavier crane: and ultimately reaches a condition where 
the margin of return is not justified. 

Amount of flywheel effect needed de] tends upon many conditions. For a 
single generator oil a ‘small system, the PTff 2 must be sufficient to insure 
satisfactory speed regulation under conditions of sudden load change This 
involves the governor, and, in some cases, the penstock nud surge tank. 
For a long jienstock it is necessary to use relatively slow gate operation 
to avoid water hammer, and this requires large flywheel effect to maintain 
satisfactory s]>ml regulation. For a generator operating in iparallel with 
others on a large system, the Wtt 2 must be sufficient to avoid hunting and 
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1o injure stability in operation under conditions of sudden loud changes and 
fuultu. This involves the characteristics of the other generators, of the power 
system, and of the load. (See Section 43, Refs. C und 11, nnd also Chapter 
40, Section 17, Refs. 15 and 20.) 

9. Ventilation, The electrical losses of a generator all appear a* heal, 
which must be carried off by direct radiation and by ventilation. The mod¬ 
erate-sized generator is partially inclosed and provided with small fan blades 
mounted on the rotor. The larger-capacity generator is usually totally in¬ 
closed and provided with fan blades and with definite intake and discharge 
air-duct connections. There are several system* of directing the cooling air 
through the machine, among them the radial, the axial, and the circumfer¬ 
ential, but all essentially take air in at one or both ends, force it through duels 
belwren windings and between sections of the cor*', and discharge it again 
at the periphery. 

Ducts and daintier* arc often provided so that the air can be taken from 
out-of-doors or from the station and can be discharged out-of-doors nr into 
the station, thereby providing a flexible means of maintaining comfortable sta¬ 
tion temperature during all seasons of the year. It is good practice to locale 
the air intake over the tail race at n safe distance above extreme high water. 
The air so obtained is generally rool and clean anil contains some moisture, 
which renders it much more efficient as a cooling medium. When the' fan 
action of the rotor itself is depended nn to rirrulale the aii, the ducts shoiilel 
lie short and direct and should have well-rounded corners. It is advisable to 
submit the duct design to the generator manufacturer before the haul design 
of the rotor fans is completed. If the elucts arc of excessively high resistance 
an external fan may be required. Roughly, 100 cu ft of air per minule will be 
required for each kilowatt of loss in the generator, and the velocity in the 
ducts should not exceed 1000 to lfiOO ft per minute. Exact dal a on the pai- 
ticular muclnnc in question should be obtained from the manufacturer. 

Recirculation of air within the housing and cooling by means of water-cooled 
heat exchangers are very common in modern generators. The windings are 
kept much cleaner than when open ventilation is used even at favorable wies 
where outdoor air is comparatively clean. The inclosing housing also permits 
the effective u&e of carbon dioxide as a fire-extinguishing agent. 

10. Temperature Detectors. In order to determine the temperature ol 
the interior of the generator armature while operating under load, tempera¬ 
ture detectors are placed between adjacent coils or l>etwoeii coils and coic, ilie 
leads of the detectors being brought out and connected to indicating instru¬ 
ments on the switchboard. Usually, at least ten detectors an* installed in a 
generator and all leads brought out to a terminal block on (he frame, ll j« 
usually sufficient to connect fi\' to the switchboard and to reserve the oilier 
five for use in case any iiould become accidentally injured, The terminals 
on the generator frame should l>e piovidcd with a protective device to pre¬ 
vent any abnormal voltage from the generator armature being carried to the 
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switchboard. Two general types of detectors are in common use: the resist¬ 
ance coil, und the thermocouple. 

The resistance coil consists of a flut coil of copper or alloy wire having a 
resistance, usually of 10 ohms, and a constant temperature coefficient of resist¬ 
ance* The instrument operates on the differential D ’Arson val principle. 
Three leads are used between the resistance coil and the instrument so as to 
eliminate the effect of the resistance of the leads. 

The thermocouple consists of two special diobiinilar metals, such as Con- 
st ant an and copper, welded together to form an electrolytic couple. The two 
leads, one of Constant an, the other of copper, are carried to the instrument 
and there joined together tn form the cold joint. The instrument consists of a 
sensitive galvanometer and dermis for its operation on the potential gen¬ 
erated by virtue of the difference in tem]>erature between the two junctions 
of the dissimilar metals. 

11. Fire Protection. Most hydro generators are provided with fire pro¬ 
tection to reduce the damage resulting from imemal faults. Water has been 
used to a considerable extent. It is sprayed onto the stator windings by means 
of rings of perforated pipe lwlrind the end turns. To positively prevent ap¬ 
plication of water by leakage or by accident, two valves sometimes are used 
in scries in the supply lino with a small drip between \ alves, or a short section 
of flexible pipe is sometimes provided which normally is disconnected. 

Carbon dioxide currently is used more extensively than any other means of 
fire protection. It both quenches the flame and cools the heated parts so as to 
prevent re-igniling. Special nozzles and carefully proportioned piping allow 
the liquid carbon dioxide from banks of high-pressure cylinders to lw deliv¬ 
ered into Ihe generator without freezing. The discharge usually is initiated 
automatically by themuMals or by differential relay action. The initial dis- 

N umber of 50-lb 

Number of Bata on Each (Generalnr CO® Cylinders in 

Ocnerntors r--- * --- 

Sci veil by Air Volume De- 


co 2 

System 

Kva 

Rpm 

of Housing, 
cu ft 

Initial 

Bank 

laved 

Rank 

1 

30.000 

200 

4,500 

7 

6 

2 

40,000 

225 

5,650 

10 

6 

2 

50.000 

112.5 

10,700 

20 

20 

2 

04.000 

120 

10,200 

18 

8 

3 

75,000 

150 

0,800 

14 

10 

\ 

27.000 

60.2 

23,000 

38 

30 

4 

28,000 

100 

11,000 

18 

10 

4 

30,000 

75 

14,000 

24 

12 

4 

33,333 

04.7 

14,000 

20 

14 

4 

35,555 

105.8 

0,300 

14 

10 

5 

33.333 

04.7 

10.500 

16 

10 

5 

35,000 

78.3 

22.000 

30 

20 

6 

40,000 

81.8 

10,000 

20 

20 
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charge is projiortioned to produce a concentration of about 50% carbon diox¬ 
ide, which ib sufficient to quench a fire; delayed discharges are timed to main¬ 
tain the concentration at not less than 25% to prevent re-ignition. The gen¬ 
erator housing obviously should be fairly airtight. A single installation in a 
station will serve several generators through automatically controlled routing 
valves. Essential data on a number of recent installations are as shown in 
table on p. 957. 

12. Installation. Small generators can be completely assembled in the 
generator factory and often are installed by the powerhouse builder. Medium 
and large generators are sufficiently assembled m the factory to assure the 
various fits and then arc partially disassembled^ind shipped in parts. Field 
erection then becomes a major o])erution. With very large generators the field 
and armature cores arc sometime's stacked and the windings installed in the 
field. It is usual practice then to make the field erection a part of the pur¬ 
chase contract, but the powerhouse builder often sets foundation bolts uml sole 
plates in accordance with the manufacturer's instructions. 

13. Drying Out. Generators that are assembled and tested before being 
shipped are usually dry and ready to run when they leave the factory. A 
machine of tliih type, however, as well as the coils of a machine that is assem¬ 
bled on its foundation, is likely to absorb moisture during transit, storage, 
and erection. Any such absorbed moisture iH likely to cause an insulation 
failure and should l»c enrefully driven nut before (he maehme is brought up 
to voltage. A recommended method of drying is to run the machine at normal 
speed with the armature short-circuited beyond the ammeters so as lo circu¬ 
late enough current to warm the windings. The drying out is usually a part 
of the erection by the manufacturer, and if it is done by anyone else the manu¬ 
facturer's instructions should be carefully followed. For generators not hav¬ 
ing imbedded temperature detectors, it is usually recommended that the arma¬ 
ture current, which is adjured by field control, be maintained at about 110% 
of normal. For generators with temperature coils, it is recommended that 
the temi»erafure be adjusted to about 75° to 80° C (totnl tcmjieraturc, not. 
rise). In either rase, it is advisable to cheek the temperature by thermometers 
placed about the stator. 

The drying out should be continued until insulation resistance measure¬ 
ments taken about every 4 to 8 hours indicate that the windings are dry. 
The trend of the resistance values during dryout are much inure indicative 
than the individual readings. During the course of the dryout, the resistance 
decreases rapidly for the first few hours while the temperature rises. After 
the temperature Ijecomes steady, the resistance rises rapidly nt first, then 
gradually becomes fairly steady within :i to fi days, depending upon the size 
of the machine. It usually is assumed that Ihc winding is dry after its re¬ 
sistance has been fairly steady for 24 hours. A dry, clean stator winding 
should have nn insulatioi. resistance in megohms at 75° C of not less than.* 

Rated voltage of machine in voltR 
(Rated kvu +■ 1000 



DIELECTRIC TEST 


Since the rotor usually dries out faster than the stator, its resistance trend 
ordinarily is not observed. A dry, clean field winding for 125- or 250-volt 
excitation should have a resistance at 75° C of not less than % to 1 megohm 

r«, 10]. 

14. Measuring Insulation Resistance. The insulation resistance may 
be measured by a direct-reading ohmmetcr, by a resistance bridge, or by a 
higli-resistance voltmeter and d-c source. The connections for the volt¬ 
meter method are shown in Fig. 5. Two readings are required, E 1 with only 


Fin. 5. 



Diagram of connect ions for men curing insulation rebalance by volt¬ 
meter method. 


the voltmeter in circuit, and En with the voltmeter and the insulation in cir¬ 
cuit. The insulation resistance is found from the following equation: 


Nx = 

where R* — resistance of insulation in ohms: 

R, — resistance of voltmeter in ohms; 

Ei == voltmeter reading with voltmeter only in circuit; 

Ei = voltmeter reading with voltmeter mid insulation in circuit. 

In making the lest the following cautions should he observed: 


13] 


1. If either side or the d-c circuit is grounded, the grounded side must bo. 
connected diicolly to the generator frame. 

2. The voltmeter must be connected in the ungrounded wire close to the source 
of supply. 

3. The wire lietwccn the voltmeter and the generator terminal must lie very 
carefully supported, clear of all grounded objects, to prevent any possible leakage 
through its own insulation. It is advisable to suspend i( free in the air. 

4. The volt meter must have a high resistance, preferably about equal to the 
resistance being measured. 

15. Dielectric Test. Immediately alter the stator is considered dry, it is 
usual to apply the sjiecificd dielectric tebt between the winding and the frame 
before the temperature falls below 75° C. The American Institute of Elec- 


900 GENERATORS, EXCITERS, AND TRANSFORMERS l Chat. 41] 

tried Engineers’ standard lest for a generator stator is by alternating voltage 
whose effective value is twice the generator rated line-to-linc voltage plus 
1000 volts (28,600 volts for a 13,800-volt generator). The field test is by 
alternating voltuge whose effective value is 10 times tho excitation voltage 
but not less than 1500 volts (2500 volts for a 250-volt field). Some users 
specify twice this test voltage for fields of large generators. The exciter test 
is the same as the field test, but it iH not usual to double the standard test as 
is sometimes done for the field. For both stator and field, the duration of the 
test voltage is ] minute. In case of failure under test, the value and duration 
of retest after repair usually are agreed ui>on by manufacturer and purchaser, 
the voltage and duration of test obtained liefore failure occurred being taken 
into account. 

16. Starting. Before slnrting n new alternator for the first time, it is 
advisable to give it a very thorough inspection to nee that there are no loose 
pieces of iron or tools lying near that might be drawn into the rotating parts 
by the magnetic pull, that all air giqis are clear, that all electrical clearances 
are ample, that bearings are well supplied with clean oil, that oil rings are 
free to turn, and that brushes and brush holders are in good order. The 
external circuits should also be carefully inspected and cleared for operation. 
The main and field breakers should be open. The machine should be started 
slowly by its prime mover and gradually brought up to speed. Wilh the 
rheostat so adjured that all its resistance is in the field circuit, the field 
breaker should lie closed and tlic resistance then gradually cut out until the 
marhine voltage comes up to normal. The main breaker may then be closed, 
connecting the alternator to the* bus if the b\\< is not already alive from any 
other source. In the majority of co^cs the alternator is not intended to 
operate on an isolated j^stem but must operate in parallel wilh other alter¬ 
nators or on a s\stem already in operation. In this ease the new alternator 
must lie properly pha-ed out and synchronized before being connected to the 
bus (sec Section 17). 

17. Phasing Out and Synchronizing. Phasing out is the term applied 
to the o]>erations which precede the first cnnn»x*tion of a newly installed gen¬ 
erator to the bus. These operations are for the purpose of: 

1, Checking the correctness of the wiring, including main generator leads, 
potential transformer connections, and synchruscojK' wiring. 

2. Checking the phase rotation of the new generator to determine whether 
it agrees with that of the bus. 

Tho wiring can be chicked readily by disconnecting the generator leads at 
the generator terminals ami, with the wiring terminals properly insulated, 
closing the generator synchronizing switch and circuit-breaker. This will 
connect the generator polentrl transformers to the bus in the same manner 
as they will be when th*» unit is in operation, and obviously the voltage ap¬ 
plied to them will be correct both as to phase rotation and phase jxisition. 
If a single-pointer synchroscope is us'*d, it will indicate in one of six positions 
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which may be designated by clock hour-hand positions. If the scope shows 
4 or 8 o’clock, the synchroscope wiring is connected to the wrong phase of the 
general or lends. The potential transformer used for synchronizing must have 
its primary lends disconnected from the phase to which they are now con¬ 
nected and moved to the correct phase. If the scope indicates 6 o’clock, the 
two secondary leads to the synchroscope are reversed. If it indicales 2 or 
10 o’clock, it is both connected to the wrong phase and has the secondary leads 
reversed. If it indicates 12 o’clock, the connections are correct. 

The phase rotation can bt checked readily by means of a phase rotation 
meter or small .‘1-pliase induction motor in conjunction with two potential or 
distribution transformers. With the generator circuit-breaker open, the trans¬ 
former primaries* are connected to the open ends of the generator leads from 
the breaker (where opened for tlic wiring check as descrilied above), and the 
secondaries are connected to the phusc rotation meter or motor. The breaker 
is then closed. The direction of rotation of meter or motor should be noted 
and the hreaker reopened. Without disturbing the secondary wiring, the pri¬ 
mary leads of the transformers are transferred lead-bv-lead from the breaker 
leads to the corresponding generator terminals, taking rare not to cross 
phases. Field is then applied to the generator and the unit started. Tf the 
phase rolation meter or motor rotates in the same direction as before, the 
phase rotation is correct; if in the opposite direction, a pair of generator main 
leads must lie reversed either between the gap and the generator or between 
the gap and Ihe main bus. In the latler ease, however, rare must be taken 
that tlii** change does not affect the synchroscope wiring and as an extra pre¬ 
caution the wiring check should be repeated. 

When both the preceding conditions are ralified the generator may be 
connected permanently to its leads, care being taken that the circuit-breaker 
is open. 

filJNrhronigftHi is the regular operation followed each time the unit is put. 
into service. Before the circuit-breaker is closed, three conditions must be 
satisfied to avoid voltage dips and possible interruption of sendee. These are: 

1. The \oltage of the generator must he the same as that of the bus. 

2 The* frequency of the genendor must be the same hf that of the bus. 

3. The phase position of the generator must la* the same as that of the bus. 

The first condition is determined by two voltmeters or one voltmeter and a ■ 
switch to transfer the meter from the bus jxitential transformers to the gen¬ 
erator potential transformers. The second and third are determined by the 
syiichrosro|ie. Counterclockwise nit at ion indicates low frequency of the gen¬ 
erator; clockwise rotation, high frequency of the generator. When the syn¬ 
chroscope pointer is stationary, the frequency of the generator is the same as 
that of the bus, and when the ]>oiiitcr is at 12 o’clock the phase position is 
the same. This is the correct position for closing the circuit-breaker connect¬ 
ing the generator to the bus. A small difference in any or all of the three 
preceding requirements is permissible without undue fluctuation of voltage. 
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The larger the difference, the greater will l>e the voltage disturbance, and if 
sufficient difference exists the voltage will bo lowered to the point whore there 
is insufficient Hynchronizing power to pull the generator into step. .Closing 
the circuit-breaker with the generator out of synchronism with the system is 
in effect applying a short circuit to the system. Good ojicrators close the 
circuit-breaker control switch slightly before the pointer reaches 12 o’clock in 
order to allow for the time ncce^ary to close the breaker. The amount, of 
advance is dependent upon the speed at which the pointer is moving and the 
speed of the circuit-breaker in closing. 

19. Parallel Operation. Generating units that are to ojieratc in parallel 
on the same bus and share the kilowatt load roughly in proportion to their 
ratings must have prime movers with speed-droop characteristics so that an 
increase in load will tend to decrease the speed, and vice versa. Governors 
for hydro turbines usually have speed-droop controls by which the amount 
of s])ced droop at rated load may be adjusted from zero to 6% of rated speed. 
At any adjustment, the speed droop at nlher loads is roughly proportional 
to the load. 

Alternating-current generators operating in parallel also mu*1 share the 
power factor or reactive kva (kilovars). This is accomplished by means of 
the voltage regulator acting on a field rheostat which, a** mentioned in Section 
4, tends to conlrol both voltage and power factor. By the addition of cross¬ 
current cnmjieiisation the voltage regulator is given a vnltage-dronp charac¬ 
teristic which can be adjusted to equalize the power factor on the individual 
generators while the sperd-droop rharacteristic of the governor can l>e ad¬ 
justed to equalize the load. 

19. Load-frequency Control. On an important power system it is neces¬ 
sary to maintain practically con slant speed regardless of load, and, since 
many synchronous clocks arc in ojieralion all over the system, it also is neces¬ 
sary to maintain correct integrated frequency nr time. Therefore, load-fre- 
queney-control equipment which automatically compares the frequency and 
tune with a highly accurate jicndiilum or tuning fork and adjusts the fre¬ 
quency ns needed is usually installed in the generating stations of a large 
power sy«lnn. The pendulum or tuning fork usually i-. checked daily or 
oftencr against astronomical tune signals. Since frequency and time can be 
set and maintained at only one point on an interconnected system, a single 
station at a time is assigned this duty. The others accept this standard and 
control only their generation to meet load and tie-line requirements. 

20. Alternating-current Generator Specification. The following brief 
outline is intended as a guide to the principal items to lie included in a speci¬ 
fication for an important hydro generator: 

General. Number wanted; scope of work by purchaser nnd hy contractor; 
available tiunsporting, handling, and eroding facilities; standards of workman¬ 
ship, test, and prrfomianco, such us A.I.E.E., A.8A., N.E.M.A., A.R.T.M., 
N.E.S.C.; shop inspection, assembly, telling, painting, match maiking, packing; 
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field testa; preliminary operation; acceptance tests. (See A&A. Standard CM 
and AIJ3.E. Standard 503.) 

Type and Rating. Position of shaft; number and location of bearings; type 
of cooling; tyjK* of excitation and exciter drive; continuous output kva and 
temperature rise; ]>ower factor; voltage; amperes; speed; phases; cycles; excita¬ 
tion voltage. 

Electrical RequircmentR. Continuous outputs when generating at rated power 
factor, when operating as a synchronous condenser overexcited, and when charg¬ 
ing a transmission line undcrexcibed, without exceeding A.IJS.E. temperature 
limitations; class of insulation in armature and field; short-circuit ratio; con¬ 
nections of armature windings; insulation of neutral ends of windings if wye- 
connected; telephone interference factors; wave-form-deviation factor; nominal 
exciter iTNponbc ratio; exciter ceiling voltage; exciter insulation class; exciter 
temperature rise; exciter field connections; pilot exciter requirements; type of 
voltage regulator; voltnge regulator sensitivity and time of response. 

Mechanical Requirement* and Data. Flywheel effect; runaway speed; rota¬ 
tion direction; l.hni^t hearing load in addition to weight of generator rot a ring 
parts; cooling water trinjicriiturc; limiting over-all diameter of housing; internal 
diameter of ntator to pie* turbine parts; turbine normal output, maximum out¬ 
put, head-cn\rr diameter, pit diameter; elevation of shaft coupling in relation 
to stator sole plates. 

Const ruction. Stator frame, sole plates, foundation bolts, core, windings, 
terminals; rotor hub, spider, con', poles, windings, slip rings, damper windings; 
shaft material, internal bore, flange for coupling to turhine shaft, coupling bolts 
and guard, flange, or oilier connection to rotor and to bearings; assembly of 
generator and turbine hhafts and checks for accuracy; bearing tyjie, lubrication, 
performance at low speeds and at runaway speeds; bearing brackets, sole plates, 
foundation bolls; brakes, braking surfaces, stopping time, station air pressure, 
jacks, piping; cooling ly&tem for generator and exciters, heat exchangers, piping, 
viih ph, vents, fans on rotor, air baffles; housing sliajie, finish, access doors, nir- 
lightncss. internal lighting, walkways, sfaiis; internal piping, wiring, internal con- 
iiertioii* fiom main excitei brushes to generator sli]>-ring brushes, connections 
1f. station piping and wiring. 

Excitation Equipmt nt. Main exciter 1 boost at with ^hunting contactors and 
relavs for high-speed excitation; exciter field breaker with discharge resistor; 
pilot exciter rheostat; pilot exciter field-reduring relav; panels, wiring, housing. 

NfMral Equipment, breaker; disconnert; reactor rating, temperature rise, time 
of operation. insulation; panel, wiring, housing. 

Acreswrii v Temperature detectors in stator windings, in liraring shoes, in oil 
reservoirs, in air ducts; indicating thermometers with alarm contacts for bearing 
hIiocs; oil-level gages; oil-level remote indicators with alarm contacts; shunts 
fur field cuirent; tJiunts and special slip-ring brushes for field lemperature re- 
coidcr; current transformers within the neutral connection and matching trans-. 
formers for the other end of the differential relay circuit; insulation against stray 
shaft cm rents; space heaters for stator; provision for governor generator and 
ovorspoed switch; provision for Kaplan oil head; voltage regulator; arresters 
and capacitors for Riirgc protection; portable oil pump for jacking rotor; 
wrenches, wrenchbonrd, tools, jack for removing coupling bolts; eye bolts, slings, 
collars, keys used for assembly; erecting pedestal for rotor assembly; lowering 
device for bearings or other parts; Hpare parts. 

Gwirantevd Performance Data by Biddif. Over-all efficiency at rated voltage 
find tqiecd, at 50, 75, 100, and 115 r /r of rated kva, and at unity and Ofi lagging 
power fact ora; maximum safe indicated temperature of stator windings; maxi¬ 
mum safe indicated temperature of rotor windings; ratings of exciters. 



964 GENERATORS, EXCITERS, AND TRANSFORMERS [Chap. 41] 

Design Data by Bidder. Type designation; exceptions to specification; bear¬ 
ing dimensions, Joad data, areas, construction, adjustments, accessibility; weights 
of stator section, shaft, rotor, heaviest crane lift, complete generator; description 
and performance of damper windings; method of assembling and disassembling 
generator and provision for removing turbine parts; method of attaching rotor to 
slinft; list of special tools required; material stresses and safety factors for all 
rotating parts; quantity of cooling water for generator air and bearing oil; 
quantity of oil; net air volume in housing; descriptions of voltage regulator, 
neutral reactor, neutral breaker; synchronous, transient, subtronsient, negative 
sequence, zero sequence reactances. 

Data by Contractin' . Losses at various loads and at unity and rated power 
factors; shurt-riicuil currents; resistances, reactances, time constant*; field cur¬ 
rents; slii>-ring voltages; voltage regulation; continuous capacity when condens¬ 
ing and when charging a line; flywheel effect; pressure drop through coolers; net 
air volume of housing, weights of parts, total weight. 

Shop Testa. Each generator nrmuturc and field roil dielectric; each exciter 
dielectric; one exciter temperature rise, saturation, regulation, tooth ripple, arma¬ 
ture resistance, field resistance, losses, efficiency, oveiloud commutation, response 
ratio, coiling voltage; exciter characteristic curves of efficiency, armature copper 
loss, field copper loss, core and stray losses, total loss, saturation open-circuit 
volts, regulation volts: individual tests of regulators, breakers, reactors, rheo¬ 
stats, current transformers, gages, instruments. 

Field Ttsts amt Pn li mi nary 0 in ration. ShaTt ulinrmenl. dryout, insulntion 
resistance, dielectric tests, preliminary operation, final adjustments before com¬ 
mercial oiieratiou. 

Acceptance Ttsla on Each Gent rotor. No-load saturation; short-circuit satu¬ 
ration; telephone interfeience factors, no-load balanced and no-load residual; 
resistance of armature and field; operation of pilot exciter field-reducing relay; 
main exciter rheostat time for full travel; voltage-regulator operation; sensitivity 
and response. 

Am pt once Trsta on One Gt nt tat or. Efficiency by Iohhch (friction and windage 
losses of entire unit to be divided between generator and turbine in pioportiou 
to ehtimales pieviou^ly mutually agreed upon by the generator and turbine nmnu- 
fHcturers); temperature rise at rated output, cooling-wnlor quantities uiul tem¬ 
peratures; wave form bv oscillogram of each phase on open circuit; slim 1-circuit 
ratio; ffynchronous reactance; flywheel effect; braking time from half speed to 
zero speed with torque reduced to 17c of rated anil witli excitation removed. 

21. Load Tests. It is sometimes necessary to provide an artificial load for 
testing a newly installed generator or water wheel, became connections to the 
prospective cyst cm load are not completed or system-load conditions are not 
suitable for tests. Various forms of energy-dissipating rheostats have been 
deviled for this purpose (see Section 22). The rheostat forms a suitable load 
as far as the water wheel is concerned, but, owing to its nonadjust able unity 
power factor it ib not mi satisfactory for testing a generator. Where a second 
geneiator is available a simple scheme consists of connecting the two gener¬ 
ators together with one phase reversed, so that the second generator will lie 
driven as a motor in reverse direction against the resistance of its water 
wheel. Various loads and power factors can l>e obtained by adjusting the gate 
opening and field rheo-Ut of the motoring unit HI- 

22. Energy-dissipating Rheostats. A rheostat used as a load in testing 
water wheels and generators must be capable of dissipating largo amounts 
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of energy. Rough adjustment of the load throughout the range of the water¬ 
wheel capncily is a necessary feature of the rheostat, but fine adjustment may 
lie made by adjusting the generator voltage. Constancy of load at each step 
to within 1 or 2% for several minutes is essential to allow proper adjustment 
of the water wheel and governor And the recording of the various readings. 

For voltages up to 500 volts, load rheostats nwy be made of eoils of re- 
siMaiirc wire immersed in water. The load is determined by the material 
and proportions of the coil, and the heat is alworbed by the water. Adjust¬ 
ment is made by taps or b\ interconnections. For voltages in this range, iron 
pipes also have lieen used as load rheostats, connected in suitable lengths and 
cooled by passing water through them. 

For voltages up to 1000 volts, electrolytic rheostats, consisting of plate or 
rod electrodes clipped inln an electrolytic solution, have been used success¬ 
fully. Electrode* may be of rarl>on, copper, lead, or iron, and electrolyte of 
acid, alkali, or silt content, hut care mu«t be taken to avoid rapid chemical 
decomposition. Adjust incut of load may be obtained by varying the spacing 
of electrodes, depth of immersion, or strength of electrolyte. 

For voltages higher than 1000 volts, the so-called water rheostat, consisting 
of electrodes dipped directly into the headwater or tail water, has been used 
almost universally. Being essentially an electrolytic rheostat, using the nat* 
ural river water as an electrolyte, it differs in dengn and characteristics over 
an enormous range, depending upon the resistance of the water at the site. 
Load adjustment \< obtained by varying either the spacing of electrodes or 
their depth of immersion. For high voltage, high-resistance water is neces¬ 
sary. Where the water is brackish or for other reasons has low resistance, 
*i rheostat of this typo may lie entirely unsatisfactory. The flow of water 
about the electrodes must be sufficient to carry away the heat but not bo 
turbulent as in affeol the constancy of the loud. Usually the tailracc is satis¬ 
factory if the rheostat i* located away from the direet discharge from the 
wheels. The elect rode* may be of wrought iron or steel. Their active area 
should be large enough to prevcirl boiling of the water. Rheostats of this 
type have been list'd with voltages as high as 30 or 40 kv. 

The following data taken from -uoecssful installations of water rheostats 
indicate typical designs and the wide range of proportions necessitated by 
different values of water resistance. Depth of immersion ns used herein 
refers to the depth of the welted portion of the electrode, that is, distance 
from bottom of electrode to surface of water. 

1 Three electrode* of *olid iron rod, enrh % in. in diameter, 24 in. long, wrapped 
with rahhrr for h distance of 10 in. above and 10 in. below the water surface, 
lower end 4 in. long exposed to water. Electrodes spaced on 41-ft triangle. Load 
5500 kw nl 13,200 voIK 3-phase, 60-eyele. Electrodes lasted 5 hr. Water was of 
low md* tuner owing to contamination by a mim)>er of factories. 

2. Three electrodes of steel plate, each Y\ in. thick, 77 in. wide. 125 in. long, 
bent 1o an angle of 120° and assembled 15 in. apart to form a Y, immersed com¬ 
pletely. Load 16.000 kw at 80 a F and 12,000 kw at 34 e F at 14300 volts, 3-phase, 
60 -cycle, l^oad very steady. Electrodes had long life. 
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3. Six electrodes of 6-in. iron pipe, 10 ft long, spaced on two 3-ft triangles, 
centers of triangles 15 ft apart, triangles connected in parallel, immersed 9 ft 
6 in. deep in foncbay. Load 890 kw, 4000 volts, 3-phase, 60-cycle, steady within 
02% for several hours. 

4. Two sheet-iron plates each 39% in. square, spaced 94.5 in. on centers, in 
tailroce. Loads single-phase, 25-cycle, as follows: 


Depth of 
Immersion, in. 

Voifflb 

Amperes 

Kw 

0.3 

24,500 

27.9 

065 

8.9 

28,000 

37.0 

1,020 

11.7 

29,550 

42.5 

1,250 

9.0 

30,950 

41.2 

1,280 


5. Threi electrodes of 6-in. wrnughl-iron pipe, each 8 ft 10 in long with flange 
oil lower end, spaced on 12-ff triangle, in liiilnice. Water resistance 3844 ohms 
]>er cm cube at 24° C. No perceptible heating or destruction of electrodes. Loads 
ut 13,800 volts, 3-phase, 60-cyclo. as follows: 


Depth of 


Imwermun, in. 

Kw 

3 

2,500 

13 

10,000 

33 

15,000 

53 

20.000 

73 

25,000 

93 

30,000 


6. Three electrodes of 4-in. wrought-iron pipe, 8 ft. long, hung at comer* of a 
3-ft Iriangle. With 6 ft of electrodes immersed in river widei, luad was 2500 kw 
at 11,000 volts Fractional loads were fairly propoitionul to depth of iinineisimi. 

7. Three electrodes of 10-in. c.ist-irun flanged pipe, 9 ft long, hung at coineis 
of u 4-fl triangle in an 8-ft bv 8-f< wood box immersed in river water. With 7 
ft of electrodes iinmersed, about 1200 kw at 2300 colts was uhlallied. Small 
amuiinI* of saturated silt solution poured slowly into the box oceasionidly in 
conjunction with field rheostat adjustment held the load nl about 3125 kw. 

8. Three* electrodes of 1-in. iion pipe, at cnmeis of a 6-ft triangle, immersed 
3 ft in river water gave about 3KX) kw at 33,000 volts. Loads up to 5000 kw and 
us low as 100 kw were obi aim'd by nearly proportional depths of immersion. 

For description of rhea,slabs used ut Hoover Dam and Bonneville Dam, 
sec Section 43, Refs. 3 and 4. 

23. Generator Charging Transmission Line. When a generator is 
connected to one end of u long transmission line which is open-circuital at the 
other end, the susceptance of the transmission line causes a low-jiower-factor 
leading current to flow through the generator windings. The armature re¬ 
liction within the generator, as a result of this leading current, strengthens 
the generator field flux and raises the voltage. This magnetizing action of 
an unloaded transmission line is often so groat that a single generator con¬ 
nected to it may have its voltage limit up to a dangerous value, even with 
very little or no excitation applied. It is, therefore, sometimes necessary to 
provide means of reversing the excitation to offset the magnetizing action 
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or 1o avoid connecting a single generator to an unloaded line. Tf the situation 
i h foreseen, the design of the generator can sometimes be modified so as to 
avoid excessive voltage from this cause |~2]. 

24. Excitation. The excitation of a generator is the power input required 
by tho field winding to maintain the necessary intensity of magnetic flux. 
The effective flux is the resultant of the flux produced by the field current 
und that produced by the armature current. Tho latter is called armature 
reaction. With lagging power factor, the armature reaction opposes the 
field flux; with leading power factor, the armature reaction assists the field 
flux. Therefore, much greater field current is required with lagging power 
factor and heavy loud thuu with lending power factor and light load. Since 
the power developed by the generator is proportional to the product of the 
magnetic field strength and the speed with which the field flux cuts the arma¬ 
ture conductors, it is evident that the blower the speed of rotation the greater 
must be the excitation for a given power rating. Approximate excitation 
requirements of standard water-wheel-driven generators are given in Table 4. 

TABLE 4 

Approximate Excitation Requirements of W vTER-wiiEKii-imiVKN Cknekators * 

Excitation Requirements 
in Kilowatts 


Rating, kva 

Speed, rpm 

At Cnity pf 

At 0.8-pf Lag 

100 

1,200 

2 

3 


360 

4 

5 

1 000 

600 

9 

12 


150 

15 

20 

5,000 

000 

25 

35 


150 

45 

00 

10,000 

400 

45 

60 


150 

05 

85 

20,000 

300 

75 

100 


120 

105 

140 

.10.000 

300 

95 

126 


120 

135 

180 


* Data ft uni (ieiieml Electric Company. 

Quirk response exciration, that is, an excitation system which quickly re¬ 
sponds to Midden change in generulor voltage by immediately supplying the 
necessary increase or decrease of field current as required, has proved so valu¬ 
able m iiicrcaMTig the stability of a power system iliat it is almost universal 
practice to provide quick rosyjonsc excitation for water-wheel-driven gener¬ 
ators. It is accomplished principally by designing the exciter with a high 
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“ceiling voltage," that is, n high upper limit to which the exciter voltage will 
rise with full licld, providing n pilot exciter, which is a small exciter to supply 
constant voltage to the exciter fields, and providing a quick-acting voltage 
regulator. 

25. Excitation Systems. Performance and reliability are the prime re¬ 
quirements of an excitation system. Other important considerations are low 
first cost, economy of o]>eration, simplicity, and convenience. The exciters 
should be of good design and liberal size; the method of drive should be reli¬ 
able; the wiring should be short, simple, and carefully installed; the method 
of control should !>e convenient and simple; and reserve capacity should be 
provided. „ 

The centralized excitation system, involving a bus fed by one or more ex¬ 
citers and feeding all the generator fields, has the advantage that the minimum 
niunlier of large exciters may be used. A further possible advantage is that a 
battery may lie floated on the bus as an emergency source. The principal 
objection to the centralized system is the possibility of a ground or other dis¬ 
turbance in one part affecting the entire system. The* ideal centralized system 
would have three identical exciters, one of which could always be held in 
reserve. 

The individual excitation system, involving an individual exciter associated 
with each generator, has the advantage that each generator with its exciter 
constitutes an independent unit not likely to l>e affected by faults originating 
in other units. A further advantage is that the exciter connections can usu¬ 
ally lie made shorter and simpler. A possible objection to the individual 
system, for a station having a large immlier of small generators, is that the 
exciters are comparatively small and incflicicnt. 

Motor drive is convenient, inexpensive, and fairly efficient. Induction 
motors are must simple, convenient, anti reliable, alilinugh synchronous motors 
may be used if they sire specially designed for stable operation during system 
disturbances. The source of energy to drive the motors must be uniform 
and reliable. 

Water-wheel drive is relatively unreliable, expensive, and inefficient for 
small individual exciters, but it is quite feasible for the larger exciters of a cen¬ 
tralized system. At least one exciter must be driven by a prune mover for 
purposes of starting the station. 

Dual drive, that is, by means of a motor on one end and a water wheel 
on the other, occasionally is advantageous. The water w r heel can be used when 
starting the station, anti either the water wheel or the motor for normal 
operation. Both the motor and the water wheel may be connected to their 
resqiective sources of energy, and the governor so adjusted that practically all 
the energy is taken from one source or the other as desired. Then, in case of 
failure of the driving source, the standby source automatically will assume 
the load. 

Direct drive from the main unit is very efficient, reliable, convenient, and, 
except for very slow-spoed units, inoxpeuMce. It is by far the most com- 
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monly used of all driven. Possible objections arc that the generator voltage 
is particularly sensitive to speed fluctuations and that trouble with an exciter 
may caiibe the retirement of a large main unit. The first objection is nulli¬ 
fied partially by the use of a pilot exciter. 

A storage battery provides a very reliable immediate standby source. Its 
high first cost, poor efficiency, and large space requirements, however, prac¬ 
tically limit ils usefulness to merely a momentary standby for use only while 
bringing a reserve exciter into service or 
to support the pilot exciter. For this 
reason, its grealest usefulness is obtained 
by floating it across the exciter bus, so 
that in case of failure of tile exciter the 
generator excitation will not be inter¬ 
rupted, or at least by provirling automatic 
transfer switches so that the time of inter¬ 
ruption may be reduced to the minimum. 

An equally reliable standby can lie ob¬ 
tained hv operating a spare exciter con¬ 
tinuously. Such an immediate standby, 
however, is seldom needed except in sta¬ 
tions feeding out directly to important 
commercial customers, anil batteries or 
continuously operating spare exciters are 
seldom list'd in liydroclerl ric stations. 

The voltage of the excilalion system is 
gcneralb 125 volts for small station and 
250 volts for large stations. For very 
large stations, higher voltages have l*een 
suggested in order to reduce losses, cable 
sizes, and duty on slip rings. 

26. Excitation-system Wiring. Wir¬ 
ing for (lie excitation system should be 
short, compact, of ample capacity well 
supported, and carefully safeguarded. The insulation should be deigned for 
eight to ten tunes the normal excitation voltage, to take care of transient 
procures due to generator short ciieuits. 

The elementary excilalion circuit shown in Fig. 6 is typical of modern 
practice with large generators, each having its own main and pilot exciters. 
The generator field rheostat often used for small installations is omitted for 
larger generators as its space, cost, and losses make it uneconomical. Auto¬ 
matic voltage regulation is on the main exciter field. The pilot exciter pro¬ 
vides a constant voltage for the main exciter field, resulting in faster voltage 
control and excitation response and in greater generator .stability. The pilot 
exciter field is solf-excited, and the manually operated pilot exciter field rheo¬ 
stat does not ordinarily require adjustment after being set at the proper 
value initially. 



Fir; 6. Element ary excitation cir¬ 
cuit. 
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Breakers and rheostats are often hand-operated in Hinall stations, but 
usually great advantage can t>e gained by making them electrically oersted, 
since they can then be located moat advantageously in the station to give 
short connections. Whore exciters are bussed, the exciter main breaker is 
usually made automatic on reverse power, in order to disconnect the exciter 
in case of internal failure. The generator field breaker or the exciter field 
breaker usually is arranged to be tripped by generator relay action. It is not 
usually considered advisable to place overload protection on exciters as it is 
better to risk injury to the exciter than unnecessary operation of the auto¬ 
matic device. For instance, a sudden overload or short circuit, in the gen¬ 
erator circuit might cause sufficient rush of current in the exciter circuit to 
trip its breaker if it were automatic. 

The excitation circuit must never be suddenly opened. The excessive 
voltage that would be built up by the sudden releasing of the energy stored in 
the inductive field winding might be sufficient to puncture the field insulalion. 
To guard against this, the field breaker, which alone is used to break the cir¬ 
cuit, is provided with discharge clip* to be connected to the discharge resistor 
which is always furnished with the generator. As the breaker opens it con¬ 
nects the resistor across the field terminals and the energy is dissipated in Ihe 
resistor. In some instances, interlocks arc provided to prevent the opening 
of any breaker in the circuit until the field breaker is open, but to avoid com¬ 
plexity it is generally considered better to deixmd on the oj>erator for projicr 
sequence of operation. 

27. Exciters. An exciter is a direct-current generator designed especially 
to supply excilntion for synchronous machines. The principal aim in the 
design for this purpose is to obtain stability under a wide range of voltage. 
For use with an automatic voltage regulator, the exciter should l>e designed 
ho that its voltage will respond quickly to a change in iN field current For 
parallel operation with other exriters, it should have a drooping voltage- 
current characteristic at all operating voltages, unless such characteristic is 
provided by the voltage regulator and cross-current compensation. Inlcr- 
pole windings are now prarlirally standard for improving commutation. An 
exciter designed for u-e with an automatic voltage regulator is not neces¬ 
sarily as si able at lower voltages as one designed for manual voltage regula¬ 
tion, and, therefore, it is important to specify for which method of ojKTation 
the exciter should be designed. 

Approximate weights and dimensions of standard exciters are given in 
Table 6. 

The compound-wound exciter is usually preferred to the shunt-wound 
exciter where the alternating-current voltage regulation iH accomplish^ man¬ 
ually, as the comiiounci exciter requires leas frequent adjustment to meet 
changing load conditions Where automatic voltage regulators are used there 
is little choice lictwoen the compound exciter and the shunt exciter as far as 
the uction of the regulator is concerned. The compound exciter is more stable 
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TABLE 5 * 


Approximate Weiotith and 


IAUI1IJK, 

0|NH-U, 

Type 

kw 

rpm 

Coupled (horizontal) 

25 

150 


50 

150 


100 

150 


160 

120 


200 

120 

Belted (including 

25 

700 

pulley and h&sej 

50 

700 


100 

700 


150 

700 

Mot nr-d riven 

25 

1,800 

(including motor; 

50 

1,200 


100 

1,200 


150 

1,200 


200 

1.200 


250 

1,200 


300 

1 200 


Dimensions of Exciters 


Dimensions, in. 


« ei« 

■ ‘ 



Weight, t lb 

Length 

Width 

Height 

4,100 

32 

44 

42 

7,300 

42 

56 

54 

12,000 

53 

71 

68 

17,000 

57 

79 

70 

20,000 

57 

85 

84 

1.990 

57 

30 

35 

3,170 

70 

33 

39 

5,150 

85 

39 

46 

6,950 

92 

12 

48 

1,785 

03 

22 

17 

3,900 

77 

30 

37 

6,200 

91 

42 

42 

9,000 

109 

42 

42 

9,900 

111 

42 

42 

11,600 

121 

42 

42 

13.500 

119 

50 

53 


* Data iioin (loni'ial Electric Company, 
t Shipping wcighls me 12 to 15Vt greater than net weights. 


in its uj mm fit inn during system distil rlmnecs than the >hunt exciter. On the 
other hand, theic are cases where, because of the magnetizing effect on the 
geneiator of a long tiansinission line, it is uocessaiy to be able to reduce the 
exciter voltage to a very low value, and then the shunt exciter possesses some 
advantages. Compound exciters, if opeiuled in parallel, require equalizer con¬ 
nection 1 - which complicate the station wiring. 

28. Field Rheostats. For small generators, in order to allow a reason- 
aide margin of safety for variations in design and materials, it is customary 
to wind the geneiator field so that aland lK) r L of the exciter voltage will l>c 
required for rated load and power factor. A rheostat is then provided in 
the generator field circuit to control the excitation ns required. The rheostat 
is usually do-igned with sufficient resistance to reduce the generator voltage 
to about Sfi r ,r of normal with no load, full speed, generator cold, and full 
exciter voltage. On this basis a generator rheostat of usual design with cast- 
iron resistor grids will weigh approximately 25 lb per kilowatt of excitation. 

For large generators, field rheostats usually are omitted and control is ac¬ 
complished by a rheostat in the exciter field circuit, H 

29. Voltage Regulators. Generator voltage regulators are used to pro¬ 
vide automatic conliol of the generator field excitation as required for voltage 
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control, frequency control, load control, power-factor control, and automatic 
synchronizing. For t-mall generators, both a-c and d-c, the regulator operates 
on the generator held rheostat; but in large generators the field current is 
too large for economical regulator design and the regulator always operates 
on the exciter field rheostat. 

Earlier tyjieej of regulators were of the vibrating or Tirrill type. A mim- 
lier of contact* on the regulator shunted sections of the exciter field rheostat 
so that when closed they raised the voltage to maximum and when open 
they lowered the voltage to minimum. The contacts were continuously vi- 
braled in unison by a d-c magnet connected to the exciter in such a way 
that an increase in execution voltage would open the contacts. Their move¬ 
ment was biased by an a-c magnet so connected to the generator that an 
increase in generator \ ullage would decrease the ]XTccntuge of time that 
the contacts were closed and increase the time Ihcy were oi>on, thus con¬ 
trolling the average excitation to meet the generator demands. The numlier 
of contacts vibrating in unison depended on the size of the exeiter held. With 
this tvfie of regulator a great deal depended on the performance of the con¬ 
tacts liecausc, if they should fail to clo^e, the voltage would drop to the mini¬ 
mum, and if they should fail to open it would rise to the maximum. Even 
with shunting condensers, the contacts required very careful supervision and 
frequent dressing. 

The modern regulator, used almost exclusively in hydroelectric generation, 
in the noirvihrnting, rheostatir or face-plate tyi>e. The rheostal arm is moved 
by a motor to the position demanded by the generator. In one type the arm 
is of sector shape with rolling contact and is operated directly by a small 
torque motor energized by the generator potential transformers Its light 
construction and small movements rcmilt inherently in very quick response. 
Another type has a conventional rheostat ann operated by a reversing motor 
which is controlled by contacts opened and closed by a small torque motor 
energized by the generator potential transformers. Quick response is secured 
by two field-forring contactors which operate on sudden demand for a large 
change in excitalion, either to shunt the field rheostat or to open it until the 
slow-moving arm has time to arrive at the desired position. 

Performance characteristics of a voltage regulator usually specified are 
sensitivity and speed of response. The sensitivity of a modern regulatoi is 
such that the normal contacts respond to a generator voltage change of 0.5% 
and the high-N]>eed contacts can be adjusted to respond to a voltage change 
of 2.5 to 5%. The time of response of a modem regulator, measured from 
the time of a-c voltage change to the beginnmg of movement of the rheostat 
arm or to complete closure or opening of the field-forcing contactors, is not 
more than 5 cycles (on fiO-cyele-per-second basis) with a change in voltage 
of not more than three times tiie high-sjiecd sensilivity setting. 

The a-c voltage whicn controls the voltage regulator must l>e representa¬ 
tive of the a-c system being regulated. A single phase is not sufficient since 
with line-to-ground faults some of the phase voltages are reduced while others 
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may be increased. One tyi>e of regulator samples Ihe 3-phase voltage through 
a network winch delivers to the regulator a single-phase voltage representative 
of the average 3-phase conditions. Another type uses a 3-phase torque motor 
which feels the 3-pliase voltages and delivers an average torque. In some 
regulators the a-c voltage, before going to the regulators, is rectified to direct 
current ho that its influence on the regulator will not be affected by a change 
in frequency which sometimes results from system disturbances and especially 
from generator runaway speed. 

Line-drop compensation sometimes is used to maintain a constant voltage 
not at the generator terminals but at a distribution center at the end of a 
transmission line. In this rase the a-c voltage supply to the regulator is biased 
by the amount of current flowing so as to compensate for the voltage drop 
due to resistance and reactance of the line. Cross-current conqiciiHation usu¬ 
ally is required when generators are operated in parallel so as to divide the 
kilowatts and kilovars between the various generators as desired. See Sec¬ 
tion IS. 

The inntor-n])cratrd rheostat, the contactors, and the field breaker and din- 
charge 1 resistors usually are mounted in Ihe vicinity of the exciter so as to 
permit a short exciter field circuit. The voltage-sensitive element and relays 
usually are mounted on the main instrument hoard where they are under 
the supervision of the operator. 

Other types of regulators are in limited use for h])CC 1 hL applications in hydro 
stations. A simple form of voltage regulator often is provided for the direct- 
coniiertod pilot exciter In limit its voltage, in ease of generator runaway, by 
inserting a block of resistance in the pilot exciter field circuit. The carbon-pile 
’■ogulator utilizes the adjustable resistance obtainable from a series of curiam 
disks by varying the pressure between disks. The “Silverstnt” regulator 
shunts small sections of Ihe field rheostat by means of multiple silver contacts. 
Electromc exciters, rotating amplifiers, and static-type regulators are proving 
equally ieliuhle, somewhat comparable in cast, and in some respects superior 
in performance to the more conventional exciters and regulators [12, 13, 14, 
IS]. 

30. Transformers. A traus-fonuer is defined as a device for transferring 
electrieal cneigy from one a-c circuit to another a-c cireiut, usually of a dif¬ 
ferent voltage. The essential features are (1) a primary winding which 
receives energy from the supply circuit, (2) a secondary winding which de¬ 
livers energy to the receiving circuit, and (3) an iron core common to both 
windings. The windings are so arranged on the core that alternating current 
in the primary from the supply circuit induces a magnetic flux in the core, 
which in turn induces an alternating current in the secondary. 

The high-voltage winding is the one having the greater number of turns, 
and Ihe low-voltage winding is the one having the lesser number of turns. 
The ratio, unless otherwise specified, is always understood to mean the turn 
ratio. If the transformer were ideal, that is, without losses or reactance, 
the voltage ratio would be equal to the turn ratio and the current ratio would 
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lie the reciprocal of the turn ratio at all load*. Owing to the transformer losses 
and reactance, however, the primary voltage and current are higher than the 
values obtained by applying the turn rntio to the secondary voltage and 
current. 

A constant-potential transformer, that is, one that at all loads has a con¬ 
stant voltage ratio, except as slightly modified by regulation, is the type that 
is commonly used for transmission and distribution of power. Sizes below 
500-kva single-phase and 450-kva 3-phase are classed as distribution trans¬ 
formers, and those of larger size as power transformers. 

A single-phase transformer, as distinguished from a polyphase transformer, 
has a single primary winding and a single seroifdary winding. Tt can be used 
by itself in a single-phase system or banked with similar transformers in a 
polyphase system. The 3-phase transformer is the only common polyphase 
type. It has throe primary and three secondary windings arranged on a 
common core, and is used by itself in a 3-phase system. Advantages of the 
single-phase transformer are as follows: (1) banks of larger ^ize can Ik* 
shipped; (2) a defective transformer can be replaced more easily; (3) a single 
unit will suffice as a spare for several hanks; and (4) by various groupings 
many different kinds of transformations may be obtained. Advantages of 
the 3-ph»so transformer are as follows: (1) the external connections are 
simpler; (2) less floor apace is required; (3) the total weight is lcs«; and (4) 
the first cost is less. A 3-phasc transformer weighs from 5 to 15% less and 
occupies about 50% less floor space than a bank of three **inglc-phnse trans¬ 
formers having the same hank rating. 

A 3-phase delta-connected shell-type transformer with one phase damaged 
in.TN lie operated in 0 ]>en delta at 58% capacity by short-circuiting both 
high-voltage and low-vollngo windings of the dninagcd phase. If the trans¬ 
former is of the core type, il eannol be operated in open della unlcsc the liigh- 
and low-voltage windings of the damaged phase can be o]>cn-cireiii1od. 

All transformers, with the exception of furnace transformers having lm«-bnr 
leads brought out through the cover and some other special transformers, are 
suitable for outdoor installation. For installation indoors where adequate 
ventilation can be provided, but where an ciil-uninersed transformer would 
constitute a fire hazard, three alternate types are now available For station 
service, namely: noninflainmable-liquid-nnmersed transformers; dry-typo, air- 
immersed transformer*; and dry-type air-blast transformers. 

31. Construction. Transformer cores are built up of thin sheets or lami¬ 
nations of special transformer steel having high magnetic ]>enneabi]ity. To 
prevent eddy-current losses, the laminations are varnished before assembly, 
or otherwise insulated from each other and from the bolts which bind them 
together. The core is built up info one of two general types, the core type and 
the shell type. Each type has particular advantages in winding space, in¬ 
sulation, and bracing; the choice deiieiuls upon the capacity, voltage, and 
frequency. 



CONSTRUCTION 


975 


The windings are of two general types: cylindrical windings, assembled 
concentrically; and discoid:il windings, assembled interleaved. The choice 
depends upon the capncil y, voltage, and frequency. Often the two types 
are combined in various ways. The relative grouping of the primary and 
secondary coils determines to a large extent the reactance of the transformer. 
It is essential that the windings be firmly braced to resist severe mechanical 
stresses without impeding the free circulation of oil about the conductors. 

Insulation is one of the most important features of transformer construc¬ 
tion. The insulation mint withstand not only normal operating voltages, 
with an adequate margin of safety, but in addition the surge voltages to 
which it may be subjected [5 and 9]. The individual conductors of power 
and distribution transformers usually are wrapped with several layers of 
paper tajie to provide insulation between turns. After winding, the coils are 
vacuum-dried and impregnated with insulating compound or varnish In 
assembly, the coils are insulated from each other by spacers and sheets of 
insulating material. They are insulated from the core and other windings 
by means of tubes, sheets, angles, channels, and collars of insulating mate¬ 
rial. Some manufacturers use a system of shielding the windings of power 
transformers to eliminate undesirable oscillations set up by surges. A static 
plate or shield usually is placed adjacent to the face of the line coil and 
connected to the line lead. This minimizes the turn-to-turn stresses by 
introducing the surge simultaneously to all turns in the line coil. 

Ihislungs for bringing the leads nut through the case are of three general 
types the solid type, the oil-filled type, and the condenser type. The solid 
type, med up to and including 34.5 kv, consists of a tul>e of porcelain, usually 
with petticoats on the part outside the transformer case. The oil-filled 
bulling, which is adaptable for voltages above 34.,'5 kv, consists of a tulie 
made up of a number of concentric pieces of porcelain, filled with oil and 
containing a conducting rod or tulip through its renter. The condpnucr type, 
which is used for voltages of 13 8 kv and abovr, consists of a tube or round 
si ml wrapped with treated paper with layer* of inclal foil at intervals. The 
successive layers, being larger in diameter and shorter in length toward the 
oulside or Ihe bushing, distribute the stress evenly over the entire radial 
thickness of the pnjier I tel ween the inner tube or stud and the outer ground 
flange of the bushing. At voltages of fiO kv and above care must be taken 
to prevent corona at the bushings both on the inside and outside of the case. 
All bushings should have a puncture voltage higher than the flashover and 
should have a flashover time lag exceeding that of the lightning arrester or 
protective gap used to protect the transformer. The flashover voltage at 
lightning frequency is practically the same either wet or dry and is about 
twire tlie flashover voltage at normal frequency. 

The case or tank is generally built of boiler plate welded and tested to 
insure oil tightness. The tank usually has a top cover which is removed for 
lifting out the core and coils. A few' transformers have been built with a 
joint at the bottom so that the tank can lie lifted off, leaving the core and 
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coils standing on Ihc but loin plate and bane frame. For transformers too 
large for shipping clearances, the portion of the tank above the core and coils 
1s removed and replaced by a flat cover for shipping. It is preferable to 
have the joint above the upper radiator connections. Tanks and radiators 
should be strong enough to withstand safely the oil pressure plus the inert 
gas pressure and to withstand vacuum while being filled with oil. Distribu¬ 
tion transformer tanks are either smooth, fluted, or equipped with tubes to 
increuse the radiating surface. Self-cooled power transformers have tubes 
or radiators welded or bolted to the tank to increase the radiating capacity 
of the tank. Water-cooled transformers have smooth tanks and internal 
cooling coils through which water is eireulated. f The cooling coils usually are 
arranged to drain by gravity when the water supply is shut off so thill there 
will be no danger of freezing. The coils are made large enough so that the 
core and coils may be removed without disturbing them, or they may be 
attached to the cover so that they are removed with it. Power transformers 
should be provided with wheels for moving on rails or floor, jurk lugs for 
lifting the complete unit, lifting eyes on core and coil assembly, oil drain 
valve, sampling valve, filtering eoi inert ions, nil gage, nil thermometer, and 
hot-spot-indicating equipment when desired. 

Conservation of the oil to exclude moisture and oxygen is of great impor¬ 
tance. Moisture very greatly reduces the insulating properties of the oil, 
and the presence of oxygen, together with high operating lemperalures, 
causes the oil to sludge. With changes of load, the resulting expansion and 
contraction cause breathing, and various methods have lieen developed for 
eliminating moisture and oxygen from the air breathed into the ease. “Hie 
chloricle-of-lime breather has been used extensively. If recharged frequently, 
it i* quite effective. The 1 extensively used conservator or expansion-lank 
transformer is arranged to breathe through a conservator or expansion tank 
located alwive the main tank and connected to it by a small pipe. The main 
tank is completely filled with oil, the only oil surface exposed to air being 
that in the small tank. Circulation between the main tank and the small 
tank is so restricted that the oil in the small tank remains cool and there¬ 
fore sludging is prevented. The inert gas transformer is filled above the oil 
with an inert gne such ns nitrogen which is maintained at a slight pressure 
above atmospheric. With rise of pressure by temperature rise, a small 
amount of gas escapes from the transformer through a small breather, and 
with a fall of pressure below a predetermined pressure a small amount of 
inert gas is discharged into the transformer through a reduring valve from 
a storage cylinder. Bv thi« process not only is the atmosphere above the oil 
maintained inert hut nl«o any oxygen in solution in the oil gradually is 
replaced and sludging is eliminated. 

Relief valves or diaphragms are usually provided to open or blow out in 
ease of excessive internal pressure due to flashing or burning inside the case. 

32. Rating. The rated output of a transformer is the product of the rolls 
and amperes at its secondary terminals when delivering its maximum con¬ 
tinuous load, and is expressed in kilovolt-amperes. The mnximum continuous 
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output is limited by the heating. The Standards of the American Institute 
of Electrical Engineers specify the limiting temperatures for various classes 
of insulation and the methods of measuring the temperatures. For a 3-wind¬ 
ing transformer, used for connecting three systems, the rating is stated 
specifically in terms of the input or output of each of the three windings. 

The rated primary voltage, as defined in the Standards of the A.I.E.E., 
is the rated secondary voltage multiplied by the turn ratio. It follows thHt, 
when the transformer is carrying load at rated secondary voltage, the pri¬ 
mary voltage is higher than rated by an amount equal to the regulation. 
The test voltage specified in the Standards of the A.I.E.E. is twice the normal 
voltage of the circuit to which the transformer is connected plus 1000 volts at 
not loss than rated frequency and for a period of 60 sec. [5|. 

33. Taps and Internal Connections. Taps are usually provided to 
counteract line drop and transformer regulation. They arc convenient for 
the o]>erutioii of the system but from the con^truction standpoint are some¬ 
what hazardous anil expensive, especially in liigh-vnltage transformers, and 
therefore should lie specified only when actually required. Full-capacity 
taps arc generally desirable, but their use require** that the windings have 
current capacity to supply rated leva at lowest tap voltage. Where reduced- 
eapacity taps can lie used, the cost of the transformer can be somewhat re¬ 
duced. A tup-changing witch, whereby the taps, can be selected, when the 
transformer is de-energized, by means of a handle outside the transformer 
case, is quite essential where system operation requires frequent changing of 
tups. Circuit-breaker equipment for changing taps under load, arranged for 
manual or automatic control, can be lmilt into the transformer if required, 
but at considerably greater cost. Both primary and secondary windings are 
often arranged in groups which can be connected eillier in senes or in parallel 
to give a selection of voltages. This feature \* sometimes desirable for operat¬ 
ing a system at half voltage initially, before the load is fully developed. The 
name plate should ‘•how clearly all taps and internal connections for which 
the transformer is designed. 

34. Parallel Operation. Parallel operation of two or more transformers 
nr banks of transformer, with distribution of the total load in proportion to 
tlieir ratings, requires that they have (1) the same polarity and, if 8-phase, 
the same angular displacement, (2) equal turn ratios, (3) equal percentage 
imjiedancos, and (4) equal ratios of reactance to resistance. Polarity and 
angular displacement are standardized [5|. If the ratios are not equul, they 
may lie corrected by Use of auto-trans-formers connected in series. If the 
impetlnnceti arc not equal, they may bo corrected by use of external inqiedanc^ 
connected in senes. Such devices, however, are expensive and are used only 
in emergencies. New transformers usually can be designed to ofierate in 
]MirnJlel with old ones if the necessary data on the existing units are uvuilable 
to the manufacturer. 

35. Resistance, Reactance, and Impedance. Resistance, reactance, 
and impedance of a transformer may lie expressed in ohms, or nt iutemal 
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voltage drops, in percentages of rated secondary voltage, caused by rated 
current at unity power factor. The relation between the percentage drop 
and the ohmic drop is: 

Per cent drop _ Ra ted current Rated volt-amperes 
100 X Ohms Rated voltage (Rated voltage) 2 

If the resistances of the primary and secondary windings are given sepa¬ 
rately, the primary resistance may bo converted to equivalent secondary 
resistance by multiplying it by the square of the reciprocal of the turn ratio. 
The equivalent resistance of the primary can then I>e added to the secondary 
resistance to find the total tram former resistftneo in terms of secondary 
ohms. By a similar process the secondary resistance ran lie converted to 
equivalent primary reavdancc and added to the primary resistance to give 
the total transformer resistance in terms of primary ohms. For example, n 
transformer having a turn ratio of h., a primary resistance of 2 ohms, and a 
secondary resistance of 70 ohms, has a total resistance expressed in terms of 
secondary ohms of: 

70 4 2 X Y = 142 ohms 
and expressed in terms of primary ohms of: 

2 -f 70 X .'a -- 3.U4 olinih 

Reactance and impedance may lie converted -nnilarlv, but it is seldom 
necessary to consider the reactance or impedance of either winding separately. 

Low resistance is desirable in older to reduce losses, and low reactance i* 
desirable hi order to eivc good regulation. In eonnertion with large power 
^sterns, however, it is sometimes dcsiinblc to build tiansformers with com¬ 
paratively high reactance in ordei to reduce short-circuit currents. 

36. Regulation. The regulation of a transformer is the difference be¬ 
tween the no-load secondary voltage and the ratcd-load secondary voltage 
expressed in percentage of lated secondary \oltnge, the primary voltage 
being constant at such value as to give lated secondary voltage at rated 
load. The regulation varies with the pow r er factor of the load, and therefore 
the power factor at which the regulation is given must always be staled. 
The regulation may be obtained b> nien-'urmg the change in voltage with 
change in load, or by measuring tin 1 resistance and reactance and computing 
the regulation from the equation: 

Per cent regiibition - r/, ms0 + q t «m0 +- — -^ y - ----- [5| 

where q r * per cent les'sbiner di*op: 
q x = ]>er cent reactance drop; 

cos 0 = power factor; 

sin0 = reactive factor. 
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If a transformer has more than two windings, the determination of its 
regulation, when loads are taken from two or/more windings simultaneously, 
is more complicated. The impedances between windings must be separated 
into the parts belonging to each winding. Equations for separating the 
reactances for a 3-winding transformer when the reartances between the 
three pairs of windings are known are given in Fig. 7. The reactances be- 

Hlgh voltage 



a »reactance from HV to LV in percentage 
6 - " " HV to IV " 

C m •' " LV to IV 11 " 


, q-ffc- c 

a— 2 

a 4 r - b 
e=~ <— 

/„.£+fc“ 

Fif.. 7 Mel hod of separating rcnrlanrps of a I href-winding transformer. 

tween pair* of windings must lie nn a common kva basis. The i>or rent 
effecti\e resistance drops may be ^oparnt chI in the same way. The regula* 
tion for any combination of loading may l»e calculated by applying Eq. 5. 
to each branch, rf, r, and /, at the kva in that winding and then adding. 
This method of obtaining regulation is approximate, but the error is small. 

37. Efficiency. The efficiency of a transformer is the ratio of the kilo¬ 
watt output to the kilowatt input. The lasses are classified as no-load losses, 
or those that continue as long us the transformer is energized regardless of 
whether it is delivering any load, and load losses, which are dependent on the 
load delivered. The Standards of the American Institute of Electrical Engi¬ 
neers specify that the conventional efficiency of a transformer shall be 
determined as follows: 
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No-load losses shall include the core loss, the PR loss due to the exciting 
current and the dielectric loss in the iusulution at 75° C. They shall he 
measured with open secondary circuit at rated frequency, and with an 
applied primary voltage, giving the rated secondary voltage plus the 1R 
drop which occurs in the secondary under rated load. 

Load losses shall include PR losses, and stray-load losses due to eddy 
currents caused by fluxes varying with load at 75° C. They shall he meas¬ 
ured by wattmeter by applying a primary voltage, at rated frequeney, 
sufficient to produce rated load current in the windings, with the secondary 
windings short circuited. 

With the losses given, the efficiency may be computed from the equation: 


P + L 


100 “ F+l 


P + (I + C) 


where E = efficiency in per cent; 

P = delivered power in kilowatts; 

L — losses in kill watts; 

7 = no-load losses (commonly called iron losses) in kilowatts; 
C = load losses (commonly called copper losses) in kilowatts. 


Tt should be noted that, with a fixed value of kvn, P is directly pro]H)r- 
tional to the power factor, 7 is independent of load or power factor, and C 
is proportional to the load blit indejindent of the power factor. Tt U neces¬ 
sary, therefore, when giving the efliriency of a transformer, to -date the load 
and jiower factor at which it applies. It is usual for the manufacturer to sub¬ 
mit with liis quotation the efficiencies at several loaik and at unity power 
factor. The full-load, unity-power-factor efficiency of a modern 00-cycle 
jKiwer transformer vanes from 0<>% to 00.5% depending on the rat mg. A 
25-cyclc transformer is slightly less efficient. 

By properly proportioning the iron and copper losses, the maiiufnrturcr 
can usually obtain the highest efficiency at 50, 75, or 100'{ load, as desired, 
to give the best all-dav efficiency. For instance, a transformer which is to 
curry full load all the time dumld have its Wat efficiency at lOO'f haul, 
which means that the iron losses and the copper losses should be about equal 
at full load, while a transformer which i^ to carry only partial load many 
hours of the day should have its best efficiency at less than 100% load, which 
means that the iron losses and the copper losses should be aland equal at loss 
than full load. 

38. Cooling. The losses of the transformer appear as heat, whieh must 
be carried away a« fast as generated so a* to prevent excessive teiTqieraturo 
rise. The method of pooling classifies the* transformer in one of four general 
types which arc, in order of decreasing importance: self-cooled, water-cooled, 
furred oil-cooled, and air-blast. 

The self-cooled transformer has the core and windings immersed in oil, 
and the rase is either fluled or provided with radiators ho that the oil is 
cooled by natural radiation. The oil circulates by convection upward 
through the hot windings and downward through the flutes or radiators. 
This type can lie built in practical I > any commercial capacity and voltage. 
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Fans or blowers can be applied to the radiators for more effective cooling, 
but it should be remembered that such forcing generally increases the 
gradient between the hot test-spot temperature and the observable tempera¬ 
ture. Consequently, forced cooling should be used with caution if the life 
of the insulation is not to be endangered. Ordinarily the continuous capac¬ 
ity of a transformer can be increased 25% and the short-time peaking 
capacity 3HVi% by the addition of blowers, without undue risk of shorten¬ 
ing the life of the insulation. Blowers often are applied to transformers 
used for Mopping up the output of imlro generators. The transformers are 
then so rated that the self-coolcxl capacity is sufficient for the generator 
normal output and the air-blast capacity is used only part time during high- 
head conditions (sec Section 4). 

The water-cooled transformer is also oil-insulated but the tank is plain. 
Around the inside of the tank at the top, where the oil ia hottest, a cooling 
coil is placed, through which cold water is forced. Cooling water at n hydro¬ 
electric generating slation is usually available in such quantities that the dis¬ 
charged wafer can be rejected economically. A1 tbc substation, however, 
water is usually too expensive to waste and must be cooled in a cooling tower 
or spray pond and recirculnled. Tt is desirable to use a low water pressure 
to prevent the possibility of water leaking into the oil, and for this reason it 
is cuMomary to discharge the water from the transformer at atmospheric 
pressure. 

The forced oil-cooled transformer is similar to the water-cooled, except 
lhal it has no water coils. The oil is circulated by pumps through external 
radiators which arc cooled by air, or through surface coolers which arc cooled 
bv water. Oil circulation should be upward through the transformer and 
downward through the cooler. Water circulation should be upward through 
the cooler. It is important that the oil pressure be maintained higher than 
the water pressure to prevent waler leaking into the oil. Purity of the water 
is not ns important as with the water-cooled transformer, for the cooler can 
lie made in soelioiiR and part at a time can be cleaned and inspected. At the 
generating station it is .sometimes possible to place the oil-cooling coils or 
radiators in the lailrace. 

Individual cooling units have l>con developed for mounting on transformers 
in place of or in addition to flic usual radiators. Each unit consists of a 
small nil pump, a radiator with blower, oi a heat exchanger with water con¬ 
nections, and elbows for attaching lo the transformer tank. The pump and 
motor are both entirely enclo^d in a casing which forms u part of the oil 
piping, and there arc no glands that might leak oil. These units are some¬ 
times used to increase the capacity of an old transformer; the capacity may 
be increased up to 50%. The gradient between the hottest copper tein- 
pernture and the observable oil temperature, however, is increased, and the 
transformer cannot be forced for more than a small percentage of the time 
wilhout appreciably shortening the life of the insulation. 
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The amount of cooling water required for a water-cooled transformer or 
for a forced oil-cooled transformer, and the amount of oil circulation re¬ 
quired for a forced oil-cooled transformer are given by the following equa¬ 
tions, which do not take mto account any radiation. For forced oil-cooled 
transformers the actual amount of water required may be found to be 10 or 
20% less, owing to radiation from the oil piping and coolers. 


Q* 


Qu 


a.s p 

t w 

4^5 P 
ToS q * 


[7] 

IS| 


where Q w * gallons per minute of cooling writer required for water-cooled or 
forced oil-cooled transformers; 

Qo = gallons per minute of oil circulated bid ween transformer and cooler 
for forced oil-cooled transformers; 

P = transformer loss in kilowatts; 

T w = tenqxTature rise in degrees Centigrade between ingoing and out¬ 
going water; 

To = temperature rise in degrees Centigrade lietwecn cool oil am I hot 
oil, usually equal to 10 to 15; 

&o = s]K'cific heat of oil, equal to 0.40 to 0.50. 

30. Oil- Oil for transformers is obtained fiom crude petroleum l>y frac¬ 
tional distillation. Desirable qualities arc IJJ high festivity and dielectric 
strength, (2) low viscosity, (•{) high flash and burning ]>oint(4) high 
thermal conductivity ami specific heat, (5) cIicuikmI nemrditv toward metal* 
and insulating materials, and (15) chemical stability al lngli temperatures. 
Physical and chemical properties of desirable transformer oil arc as tabu¬ 
lated, when tested in accordance willi American Society for Testing Mate¬ 
rials specification D-l 17. 


Specific gravity 

0.85 to 0.00 

Viscosity (Su\ bolt Cni vernal at 100° F) 

55 to (54 sec 

Flush point 

130° O 

Fin* point 

J50° O 

Pour point 

-40" C 

Neutralization nuniltci 

0.05 mg 

Dielectric strength 

22 kv * 

Mineral acid* 

None 

Free and corrosive sulphui 

None 

Steam emulsion 

30 see 


* Minimum after dehydration at destination flhall lie 28 kv. 

Moisture, even in \erv minute quantities, greatly reduces the dielectric 
strength of nil. Before 1 icing put into service, the oil should lie tested and 
should not break down nl less Ilian 22,000 volts. This require** that il con- 
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tain Jew than about 0.001% moisturo by weight. It should be sampled about 
once a month while in sen ice, and when the breakdown voltage foils to 
17,000 volts it should be dried iigniu. 

The two common methods' of drying and purifying oil are: (1) by passing 
it through a centrifuge, and (2) by forcing it through dry blotting paper. 
The former method effectively removes the heavy foreign matter and some 
of the water. In order to use the centrifuge to best advantage, the oil must 
be warmed, and, unfortunately, its tendency to hold moisture increases enor¬ 
mously with a moderate rise in temiierature. The filter-press method re¬ 
moves all suspended matter, and, if prnjier attention is given to drying the 
blotting papers, thoroughly and frequently, in an, electric oven, this method 
removes practically all tiares of moisture. A combination of the two meth¬ 
ods is very effective. 

40. Transformer Specification. The following hncf outline is intended 
as a guide to the principal items to be included in a specification for an 
important power Iraii&loraier: 

Gt acral. Niuubei wanted; scope of work by purchaser and by contractor; 
transporting, handling, and erecting facilities; drawings required; standards of 
woikimiiislnp, test mid peifoiiniinre, such us A.I.E.E., A.S.A., N.E.MA., AJ5.T.M., 
N.liAd.; shop lnsjierlioD, assembly, testing, paint mg, packing L5J. 

Tyi it and Rating. Stcp-up or stcii-down power ty]w; outdoor; oil-immersed, 
noiunfluniniahlc-liquid-iniinciscd, dn t>i e; number of windings; continuous 
hvn ouljmt at 55° C tempoiiiliire rise; phases; cycles; voltages; connections; 
voltage tups bushing iatings; impedances; neuhul voltage; neutral grounding 
reactor rating; Irun&fnrmer polarity if single-phase. pUuse-ungle displacement if 
3-pliuse. 

Construction. Coin material, treatment, assembly. grounding, rigid supports 
ti tank, lifting lug*; winding materials, assembly, drying and impregnating, lends 
Jo terminal houid, rigid support*; neutral to he brought out; filling with oil 
under vacuum; tank material, welding, double-welded seams where praeticable, 
split for slapping, must withstand pressure and vacuum, manhole for enhance, 
guides for lovveung cure and coils, lifting and jacking lugs, base, wheels; oil drain 
and sampling valves, filler valves, prrsMiie relief vaIvt; tap-changing facilities; 
bushing and leimin.il types and details; dosued hudiing locations; low center 
of grnvily. 

Coaling Fucihtith. Self-cooled with or without fans, water-cooled, forced oil- 
cooled with blowers or heat exchangers, provision for fans Inter, air blast; radi¬ 
ators nrroNsihle Tor cleaning and painting, fixed or removable, shut-off valves, 
chains, vents; fan controls mid thermostats, fan motor und control voltages; 
water-cooling coils to drain, facilities for cleaning, temperature of water avail¬ 
able, watei-flow gage, alarms; forced-oil pumps, motors, controls, voltages; air- 
blast arrangement. 

Oil and Od-conwrving Facilities. Oil tyi>e und minimum requirements; can- 
servator, inert gas or other equipment; automatic o]>enition; alarms; shipment 
of oil in transformer or separately. 

Acccssorint. Oil-Jevel gnge; low-oil-level alarm; oil temperature indicator; hot¬ 
spot temperature imlieutor; hot-spot temperature detector for remote recorder; 
bushing current transformers and short-circuiting terminal blocks; rating and 
Connection plate; desired locations of accessories; voltngo of alarm and auxiliaiy 
circuit a; auxiliary wiring and terminals; tools; lifting beam; spare parts. 
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TABLE 6 

Standard Transformer Connections 


Description 
Tj — rapacity of bank. 

T =■ capacity of each transformer. 


Diagram 

Arrows indirate Vector a 

inhtuntaneouH Letters rurre¬ 
run-ruth. HpopiJ to thoar 

J'igures lndirate in the d i a - 
nns, volts aud grams. 


amperes. 


('oimertion 1. 

Primary. Single-phase, 2-wire. 

Secondary. Smglc-phabc, 2-wtrr, double winding 
mnuerted in multiple. 

L - T - 10 kva. 


Connection 2. 

Primary. Single-phase, 2-wirp. 

SerondnTy. Hingle-pliuse, 3-wn e, neutral grounded, 
double winding m seiicr*. Known us Edison 
3-wire system. No ruirent in neutral if load is 
balanced. Neutral ma.\ Ik* omitted for 2-wue 
circuit. 

L - T - 10 kva. 


Connection 3. 

Primnrj. Two-phase, 4-wire, non-interconnected. 
Seeondaiy. Two-phase, 4-wne, non-inlerroinierted 
L - 2T - 20 kva. 


Connection 4. 

Priiiiniy. Two-phase, 4-wirc, non-intorcnnnected. 

Secondary. Two-phnse, 5-wne, interronnected, 
neutral grounded. No run cut in neutral if load 
ih balanced. Neutral may be omitted lor 4-wire 
interconnected circuit. 

L — 2T * 20 kva. 


Connection 5. 

Primary. Two-pliase, 4-wire, non-biterronnccted. 
Secondary. Two-phase, G-wire. No current in 
neutrals if load is balanced. Neutral wires may 
lie omitted for 3-wi e circuit. 

L - 2T - 20 kva. 
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TABLE 6 —Continued 

Standard Transformer Connections 


Description 

fj -» rapacity of bank. 

T — capacity of each transformer. 


Diagram 

Vectors 

Arrows indicate 

instantaneous Letters corre- 

currenth. bpond to thone 

Figures in dir ale in the d i a - 
rain, volts and grama. 


amperes. 


(’onnertion G. 

Primary. Three-phase, 3-wire, delta. 
Secondary. Three-phase, Itwire, delta. 
Line currant ■ transformer current X v/3. 
L = 37* - 30 kva. 


Connection 7. 

Pi unary. Three-phase, 3-wire, open delta or V. 
Seconduiy. Tlirw'-phase, 3-wue, oi>en della oi V. 
('uirent in each transformer .'10° nut of phase with 
tmfMormer voltage, irsulting in reduced rapacity. 
L - 2T X O.hGG - 17.3 kva. 


Connection 8. 

Pi imtu y. Three-phase, 3-wire, delta. 

Secondary. Thiee-phase, 4-wiie, star or Y, neutral 
grounded. Neutral ina.\ lie omitted foi .'1-wire 
circuit. 

Mnv be operated with primary star and secondary 
delta. 

Star connection for both primary and secondary 
not recommended unless neutral ia grounded. 

L - 37* - 30 kva. 

('em'lection 9. 

Primary. Three-phase, 3-wire, Scott or T. 

Swondary. Three-phase, 3-wira, Scott or T. 

Tups h and h « 30 f J. Taps e and k »- 8G.G‘{. 

(‘urrent in main transformer 30° out of phase with 
Irauslonnei voltage, and voltage in tenser trans¬ 
former only 8G.(i% utilised, resulting m reihirad 
rapacity. 

Ij - 2T X 0.806 - 17.3 kva. 


Connection 10. 

Primary. Three-phone, 3-wire, Scott or T. 

Secondary. Two-phase, 4-wire, nun-inUiroonnerted. 

May be operated with primary 2-phano and serond- 
ary 3-phoac. 

Tup b - G0V r . Tap c - Rfi.0%. 

Threc-phane winding** operate at reduced capacity 
as with connection 9 and 2-phase windings de¬ 
signed for 13.4% lea* capacity to corre«q>ond. 

L - 27* X 0.933 - 17.3 kva. 
















986 


GENERATORS, EXCITERS, AND TRANSFORMERS [Chap. 41J 


NcuLral Grounding Reactor. Ralotl voltage, reactance, current, temperature 
rise and time; resistoner less than 10% of reactance, self-cooled, air-core type, 
oil-immersed in hermetically sealed tank; mugnotir nhield between winding and 
tank; shunt arrester. 

Factory Tents Jor Each Transformer. Pressure test of double-welded seams 
with nitrogen, entire tank and radiator* with oil and air; cold resistance of each 
winding; turn ratio;'polarity; angular displacement; rxciling cuirent at rated 
frequency and at 100 und 110% rated voltage; excitation losses at rated frequency 
and at 90, 100, and 110% rated voltage; im|>odance between each pair of wind¬ 
ings; zero and positive phase sequence if 3-plmsc; regulation at rated loud and 
1j0, 0.9, and 0.8 lagging power factor; load losses at rated frequency; dielectric 
testa. 

Factory Test on One Transformer of a Lot. Temperature test at an equivalent 
to rated load; impulse tests when specifically required. 

Guaranttfd Ptrfornwnce Data by Hiddt r. Continuous kva output at 50“ C 
rise by resistance; regulation at 1.0, 0.9, and Oil power factor; no-load losses at 
90, 100, and 110% rated voltage; total losses at rated load and voltage; exciting 
runent ut 100 mid 110% rated voltage; impedance; polarity if l-phase, angular 
displacement if 3-phase. 

Design Data by Bidder . Type designation; exceptions to specification; testing 
facilities uvailuhle; outline, dimension**; unfanking height and weight; hushing 
make, type, rating; bushing withstand voltage, wet, dry, impulse; construction of 
transformer, tap changer, neutral reactor; weights of core and coils, tank aud 
fittings, oil, total; gallons of oil. 

41. Connections. Of the large number of possible connections and 
groupings of transformer, the most ennimoiily used are shown in Table f> 

42. Installation. Installing tiimsfnrmrr* outdoors save** building space, 
obtains good ventilation, and reduces fire hazard. When installed indoors, 
transformers should be surrounded by substantial fire-resisting walls and, 
unless of the water-cooled type, should be provided with adequate ventila¬ 
tion to carry off the losses. It is desirable to leave clear space all around 
each transformer for insjicrtion, reading of gage 1 *, and operation of valves. 
It has l>ecn usual practice to provide transformers for 115-kv voltage or l.V 
ton weight, or greater, with wheels and to mount them on short rails so that 
they can be moved onto a transler ear and under the station crane or a 
special hoist for unlaiiking. The present trend, with more dependable trans¬ 
formers, is to make less provision for uutankmg, and, with very large 4 trans¬ 
formers, to install them on skirls instead of wheels. Piping from a central oil- 
filtering room ot portable oil-fillering equipment usually is provided to main¬ 
tain the oil, but periodic filtering seldom is necessary with i.vert-gas-filled 
transformers. Large transformers often an* shipped in dry gas In wive weight. 
At destination the gas is displaced by dry oil without exposing the windings to 
air or moisture. It sometimes is necessary, before voltage is applied, to warm 
the windings or even to rock the transformer to lie sure that no gas pockets or 
bubbles remain in the winding*. 
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SWITCHING, WIRING, AUXILIARY POWER, 

AND LIGHTING 

/iy Raymond A. Hopto'ns* 

1. Main Electrical Connections. One nf the most important con¬ 
siderations in the electrical design of a hydroelectric generating station is 
its connection to the transmission system. Unlike mn*d steam plants located 
close to the load, the hydro plant usually is disiant from large load centers, 
often far away in the mountains. Tt follows that seldom is much of the 
output distributed at generator voltage. In fact, a hydro station usually is 
associated with long lines and high transmission voltages. 

The scheme of bussing and switching oil both the low-voltage side and the 
high-voltage side of the transformers depends on the number of outgoing 
lines, the number of transformers and generators, and the operating depend¬ 
ability and flexibility desired. The scheme should provide for: (1) opera¬ 
tion of generating units at individual loadings which result in reasonably 
high efficiencies at all values nf station loading; (12) ictiring of generating, 
transforming, and switching equipment without rejecting loml; (3) synchro¬ 
nizing of each generating unit individually; (4) isolation of faults within the 
station or on the Iransinission system; (ft) minimizing of fault currents; (0) 
promotion of power system stability; (7) splitting of the power system under 
certain conditions of operation; and (8) expansion of the facilities ns may 
be required during the life of the plant to accommodate additional genera¬ 
tion, lilies, and voltages, or greater ojierating dependability and flexibility. 
Obviously, a simple, straightforward, systematic arrangement is conducive 
to most of the above-named objectives. 

A typical main electrical connection diagram of an important hydro sta¬ 
tion, Fig. 1, illustrates the features listed in the previous paragraph. The 
bussing on the high-voltage -ide of the transformers ]iermi1s the operation of 
as many or as few of the generating units os may he desired to load them 
close to their best efficiencies A generator-transformer circuit, up to and 
including the two high-voltage breakers, may be relired for iusfierlion or 
maintenance without diseomleering the load. Either of the two high-voltage 
breakers of a circuit may be retired without rejecting load or generation. A 
line breaker may be retired by ^onneclmg the line through its inolor-opcratcd 
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disconnect to the transfer bus and feeding it through one of the generator 
breakers connected to that bus; when this is done, the line relays are trans¬ 
ferred from the current transformers on the hne breaker to those on the 
generator breaker. Each generating umt can bn synchronized by means of 
one of its high-voltage breakers. Separate relaying can be provided for 
relatively small zones such as each generator, each transformer, each bus 
section, each line, each station-service transformer, or each section of the 
nuxilinry-pnwcr bu^. Heavy concentration of fault current on the generator- 
voltage circuits and on tin auxiliary-power bus is prevented by avoiding any 
bussing at geneiator voltage and by interlocking the three main breakers 
on the auxiliary-power bus. Power system stability is aided by bussing the 



Fio 1. Typical main electlical connection diagram. 


lines. The power system can l»o split if ieqmied for certain conditions of 
operation by opening a Inis disconnect; and during thi* operation the 
generating capacity can be divided a- desired between the two parts of the 
system. The arrangement ran be made flexible anil expandable by judicious 
arrangement of the switchyard and design of the switching structures fsee 
Section 15). 

Many other bussing and ^witching schemes are in use, designed to meet 
predominant requirements of specific power systems. The foregoing discus¬ 
sion illustrate*- the type of problems involved and a satisfactory solution. 

2. Switching Equipment. Switching equipment consists of switches, 
breakers, and other devices used by Ihc station operators for opening or 
closing electrical circuits and connecting or disconnecting generators, trans- 
fojuiers, and other equipment. In most cases switches are fused and circuit- 
breakers are equipped with trip coils or relays so that they will automatically 
open their circuits when disturbances oceur on the system, and can thus be 
used both ns switching equipment and as protective equipment. 

Low-voltage (0- 1o (>00-volt) switching devices used for controlling and 
protecting lighting, auxiliary-power, and signal circuits throughout the station 
nre usually in tlie form of knife switches, snap switches, fuses, and small cir¬ 
cuit-breakers. They are mounted on panels or in cabinets and operated man¬ 
ually, mechanically, or electrically. 
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Generator-voltage (2400- to 2 ft, 000 -volt) switchgear, used for controlling 
and protecting tire main low-voltiige generator and transformer circuits, in¬ 
cludes manually and motor-operated disconnecting switches, fuses, and elec¬ 
trically or pnemnatically operated oil and air circuit-breakers. If used indoors 
it is inclosed in steel or masonry compartments to isolate it from other equip¬ 
ment and from the Rtation jiersonncl. For outdoor use it is made weather¬ 
proof and mounted on concrete bases or steel structures. 

Transmission-voltage switchgear, used for transformer and transmission line 
circuits, consists of manually or electrically operated disconnecting switches, 
fuses, and electrically or pneumatically operated breakers almost universally 
mounted outdoors in the switchyard. 

3. Knife Switches. Knife switches are available in ratings of 0-G00 rolls 
and 0-3000 amperes, and in a variety of forms Mich as single- and multiple- 
pole; single- and double-throw; front- and biick-eonnected; top- and bottom- 
fused and unfixed; anti punched- and uulled-chp. They geuerally are 
mounted on switchboards or panelboards They always should lie mounted 
vertically with hinge* at the bottom, exrcpl Hint double-throw switches should 
be mounted horizontally. The blades should be “dead” when open. Switches 
are used very extensively in the generating station and the substation for 
controlling excitation, auxiliary-power, lighting, and signal circuits Plain 
knife switches are not intended to be opened under load but, if equipped with 
quick-break and arc-reducing devices, may lie used to o]w*n rated current. 
Knife switches are rated on the basis of the maximum current they can carry 
continuously with a temperature rise of not more than 30 degrees Centigrade. 

Silver plating to a thickness of about 3 mil* is applied by some manufac¬ 
turers to moving electrical contacts, whether operated in air or under oil. The 
greater conductivity of silver than of cnp]icr, and particularly the high con¬ 
ductivity of silver oxide, azures jimminently low resistance of the emit art 
with much Jess area and procure than is required for equal performance with 
copper-to-copper contact*. 

4. Fuses. A fine is the simplest device for automatically opening a circuit 
on ovcrcujTciit. Tn its simplest form, it consists of a metal wire or strip of 
such composition and cross-wpction that it melt* on excess current. 

Low-voltage fu*e.« are of plug type rated (>-30 amperes, 125 volts, and 
cartridge typo rated 0-000 amperes, 250 and 000 volts. The cartridge 1 fuse is 
packed with a heat-resisting powder to cool the arc. Link fuse* occasionally 
are used in ratings 000-1500 amperes, 125 and 250 volts, in locations not acces¬ 
sible to the public. All these low-voltage fusts are designed to carry their 
rated current indefinitely and to blow in from 1 to 5 minutes on currents in 
excess of 115% of rating. They are u*ed 1o some extent on lighting and 
auxiliary-power circuits, particularly for such locations as eranes where small 
breakers might be adversely affected by vibration. A definite application is 
for short-circuit protection of auxiliary-,wwer motors, since they open on 
short circuit considerably faster than breakers or contactors. Various types 
of renewable fuses and time-lag fuses are available for applications where 
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fuses are used for running protection oh well as short-circuit protection, but 
the one-time fuse usually is more economical when used only for short-circuit 
protection. Low-voltage fuses have interrupting ratings up to 10,000 amjicres. 

High-voltage fuses are available for voltages up to 138,000 volts and inter¬ 
rupting capacities up to 1,500,000 kva. They are of various types, such as 
link, powder-filled cartridge, oil-filled, arc-quenching, liquid-filled with re¬ 
tracting spring, boric acid expulsion, and others. All have inverse-time char¬ 
acteristics usually based on an ambient temperature of 20 or 25° C. They 
are used for protecting jxrtential transformers, small power transformers, and 
distribution brauch circuits. Mountings are available which will automatically 
replace blown fuses with new ones two or three times lief ore requiring 
attention. 

5. Inclosed Switches. Knife switches inclosed in steel boxes arranged 
to tic operated from the outside, commonly known as "safety switches,*’ arc 
extensively used throughout the station at motors, on cranes, and at other 
places a]>art from the switchboards. They are fused or unfused as desired. 
The box is generally constructed so that the switch must be opened before the 
fuses can be reached and so that it can be locked in the o{>en position. Both 
these feature's greatly safeguard the maintenance men. 

6. Field Switches. The field switch is designed with a discharge dip 
which cl rises while the switch is being opened, so ns to discharge the induc¬ 
tive energy from the field through a field-diseharge resistance. It is sometimes 
provided witli arcing tip* and barriers. The field-transfer switch is a double- 
throw switch with extra long clip* arranged so that the field can be thrown 
from one bus to another without being opened. 

7. Disconnecting Switches. Disconnecting switches are principally used 
for isolating oil circuit-breakers, generators, transformers, arresters, and 
other equipment; as selector switches in conjunction wilh double buses and 
single circuit-breakers; and as tie switches between cirruiK They are not 
designed to be opened under load. The simplest disconnecting switch con¬ 
sists of a single-pole knife switch arranged with an eye to receive a switch 
hook by nieun.s of which it is oiiened and closed. It is mounted on porcelain 
insula tort) and a Mutable metal base. A latch to prevent the switch from flying 
open under short-circuit currenl is usually necessary except on very small 
power systems. 

Gang-operated disconnecting switches have the following advantages: (1) 
when using them it is impossible to o]>erute inadvertently two phases of one 
circuit and one phase of an adjacent circuit; (2) they can be npeiated con¬ 
veniently without a switch honk; and (31 they ran lie interlocked with break¬ 
ers or other disconnects. Gang-operated switches often are motor-operated 
from the control switchboard. 

For outdoor use, disconnecting swilehes arc sometimes provided with horns 
to direct the arc upward and are then capable of breaking tho charging 
current on short lines or small transformer banks. At 60,000 volts this has 
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been dune successfully on lines up to GO miles long and on 1 mnsfonnerri up to 
7500 kva. 

8. Magnetic Switches. Magnetic switches or contactors are used exten¬ 
sively for starting and stopping motors and for controlling circuits from a 
distance. They are held closed by the closing solenoid, and they fall open by 
spring action and gravity when the solenoid is de-energized. They usually 
are provided with overcurrent protection of the thermal or the magnetic type 
or in some instances a combination of both. Contactors arc not intended for 
high interrupting duty. For power-station application they should have fuses 
or breakers ahead of them to trip on heavy short circuits, unless the con¬ 
tactors are far enough from the power soured so that the intervening circuit 
can be depended upon to reduce the short-circuit current to within the con¬ 
tactor, interrupting, and short-tiine thermal ratings. 

9. Air Circuit-breakers. Air circuit-breakers are used on excitation, 
battery, motor-generator, and auxiliary-power and lighting circuits. They are 
available in voltages up to 750 and in ampere capacities up to 10,000. 

The main contact usually consists of a laminated copper brush bearing 
against cast-copper blocks or of a silver-plated copper moving element bearing 
against silver-plated copier blocks. The secondary and arcing contacts con¬ 
sist of replaceable carbon, graphite, or metal blocks. These secondary and 
arcing contacts close before and open after the main contacts, thus protecting 
the main contact* from the arc. Hrcnkcr* of thi* type are rated on the basis 
of the maximum current they will carry continuously with a temperahire ri«*e 
on the contacts and terminals, by thermometer, of not more than S0° C. 

Air breakers can Ik 1 arranged to operate eilher manually or electrically. 
Operating coils can be wound for 125 or 250 volts and should be designed for 
satisfactory operation at any voltage between 50% and 1207?; of the normal 
operating voltage, to take care of variations in the control-battery voltage. 
The breaker is held dosed by a latch which can be tripped either manually 
or electrically. 

Automatic features include overload, underload, reverse-current, and under- 
voltage trips. Auxiliary switches are usually provided for updating alarm 
bells, indicating lamps, and interlocks. 

Some breakers are arranged with a separate operating handle on each 
pole, and nomc arc arranged to trip free from the 0 ]>eratiiig handle. One or 
the other of these devices or a senes knife switch should always l>e used so an 
to prevent the jmssibility of closing the breaker forcibly against a short circuit. 

Air-blast breakers are breakers m which the contacts are parted by notion 
of compressed air against piston* and a blast of compressed air also is directed 
across the arc path to extinguish the are. They are available in capacities suf¬ 
ficient for the gem rator-voitage switching of most modern hydro stations; 
a few are in use. They are being develop! for heavy-duty transnussicm- 
voltagc switching with a view particularly to reduriug speed of opening and 
avoiding the fire hazard of oil. A few aio in operation at these voltages. 
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10. Oil Circuit-breakers. Oil circuit-breakers, which oi>en their contacts 
under oil, are used principally for controlling alternating-current circuits. 
They may be obtained in ampere capacities from 50 to 4000; for voltages 
from 440 upward; with 1, 2, 3, or 4 poles; manually, electrically, or pneu¬ 
matically operated; and for indoor or outdoor service. The selection of the 
projjcr breaker for each circuit in a power system involves consideration of 
several very important factors, such as normal and abnormal voltage, normal 
and abnormal current, interrupting duty, method of operation, arrangement 
of terminals, space available, accessibility for repairs, altitude above sea level, 
and temperature. 

A breaker is rated in accordance with Ihe Standards of the American In¬ 
stitute of Electrical Engineers on the basis of (1) the normal nns voltage of 
the cjrruit on which it is to operate, (2) the nonnal frecpiency of the current, 
(3) the normal rrns current it is to carry continuously with a temperature rise 
of the oil and contacts by thermometer of not over 30° V above an ambient 
temperature of 40° C, (4) the short-time rating, based on the maximum rms 
current the breaker will carry safely for a short time, as 1, 2, 3, or 5 sec, 
without excessive heating or mechanical injury, (5) the maximum rms cur¬ 
rent against which the breaker ran be closed momentarily without damage, 
aud (0) the maximum rms current at nonnal vultage which it can internipt 
under prescribed conditions at slated intervals a specified number of times. 

TIip value of the short -cirri lit current which a breaker will be called upon 
1o interrupt in n particular location on a system depends upon the connected 
synchronous capacity of the system, the characteristics of the machines, trans¬ 
formers, circuits, aud other equipment, and the time allowed for the breaker 
<o o]>eii after the short circuit occurs. (See Chapter 40, Section 13.) 

In the smaller breakers the three poles are arranged in a single oil tank; 
in medium and large breakers each pole has a separate tank. Auxiliary con¬ 
tacts arc provided to open after and close before the main contacts so as to 
relieve the main contacts of burning action of the arc. 

Two principal methods at present are in use to extinguish the arc, both 
depending upon the fuel that when ail arc is formed under oil the heat gen¬ 
erates a bubble of ga* which violently expands. The deion method provides 
multiple small slots into which the oil is forced, thus allowing the gas to 
deionize and prevent reestablishment of the arc after n current zero. The 
oil-blast method provides a chamber around the contacts with outlets so 
arranged that the pressure generated from the gas bubble forces a blast of 
cold oil between the contacts which prevents re-establislinient of the arc after 
a current zero. High-intorrupting-capacity breakers generally use both of 
these methods. 

Reclosing breakers are designed to reclose automatically from one to three 
times after being tripped by a fault on the circuit. Since some faults dis- 
apjiear after one or two openings and reclosures, such a breaker can be used 
to restore service after only a few cycles of outage. The breakers, however, 
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are derated in interrupting capacity after the firat interruption and must 
lie selected on tins basis. 

Accessories for an oil circuit-breaker include hand-closing lever; tank-lifting 
and tank-removing device; control rcluy tor reducing the duty on the control 
switch; bushing current transformers and, for higher voltages, bushing poten¬ 
tial devices for relaying, metering, and synchronizing; auxiliary switches for 
controlling pilot lamps, alarms, and interlocks; oil gages; oil-dram and sam¬ 
pling valves; and filter-press connections. Oil is similar to that used in 
transformers (see Chapter 41, Section 39). 

Breakers may be mounted on switchboard panels, but this praelice is not 
recommended for voltages higher than 2500 or for ampere ratings higher than 
X00. Larger breakers aie mounted away from the switchboard on pi]X‘ or steel 
framework or in fireproof housings. The Last method is used for the mam 
circuits of all but the smallest of power stations and substations. For volt¬ 
ages above 25,000 and occasionally for lower voltages, breakers are located 
outdoors whore space is available for greater clearances. 

11. Oil Circuit-breaker Specification. The following brief outline is 
intended as a guide to the principal ileum to be included for a specification 
for an miportnnt higli-voltage oil circuit-breaker: 

Grvrral. Number wanted; drnwince required; standards of workmanship, 
tost, and performance, such as those of the A I.E.E., A S.A.. NRM.A, A ST M., 
and N.KB.t' 1 ; shop inspection, assembly, It sting. puinting, parking. (See ABA 
Standard C37.4 to .9.) 

Type anti Katina Outdoor or indoor; one tank per pole; electrically nr pneu¬ 
matically op ended; floor- or frame-mounted; rated voltage, continuous cum id. 
inteiiupling capacity, opening time, reclosing time. 

Tanka amt FtHtnoi s. Low-carbon steel, suitable for welding; oilfield single- 
and double-welded joints; lifting jacks; provision for preventing gases fiom pass¬ 
ing fiuin tank to lank nr to mechanism housing; access manhole for floor- 
mounted tanks; emergenev g.is vent; drain and filter connections and vahcs; 
oil guges; floor damp-; cleats in bottom of tank and on top to Hufeguaid work¬ 
men from slipping. 

Contact* r. Adjustable In allow for wear; replaceable; minimum of moving 
parts; easily accessible for inspection and replacement. 

BiL'thinQfi. Wet-process porcelain; homogeneous, ghirrd; punctilio strength 
greater than dry flashover; taps for potential networks if 110 kv or over; liquid- 
level indicators, drains and vent- if liquid-filled; oil in bushing kudic aft in lank; 
type of tciurinals 

Opt rat in q Mtchanhm. To cln-e and open breaker bv remote electric control; 
all three poles to be oi>crated by one mechanism; oyiemfing mechanism to be 
inclosed in wenllieiproof sled limping with access doors on three aides and with 
thermostatieally controlled electric henfeis; local close and open control switch 
within housing; trip lever outside housing, guarded aguinst accidental tripping; 
manual dosing device trip-free if it is possible lo clow 1 breaker by one sweep of 
handle; provision for automatic rcclosing; fast, positive; no objeclionablo re¬ 
bound or critical nebustmen: , contacts of three poles adjustable to open nud 
close siiuultaneously; control circuits required to carry not more than 5 amperep 
to dose or 200 amperes to oy^n; 10-singe auxiliary switch, each stage adjustable 
to open or elose and to operate at anv yioinl in the breaker operation; provision 
for attaching operation analyzer; switches and fuses for control circuits and 
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heaters; tcmimul blocks for all coulrol and power-supply wiring; short-circuiting 
blocks for current transformers; all wiring stranded; removable plate in housing 
for drilling for conduits; operation counter visible with housing doors closed; 
pawtion-imlicating semaphore outside housing; nonrorrosive working parts; pres¬ 
sure-greased fittings; pins, bolts, and nuLs locked securely; stale voltages of caa- 
trol circuit and heater supply. 

Additional ij EUctncafly Operated . Solenoid or motor; control relay to relieve 
duty on external control circuit; coils adequate for 15 successive operations with¬ 
out overheating; solenoid discharge resistor if solenoid-operated. 

Additional ij Pneumatically Operated. Motm-driven compressor; to charge 
from minimum to nonnul pressure in 30 minutes and from atmospheric to normal 
in 00 minutes; automatic pressure control to start compressor on pressure drop 
equivalent to three breaker operations and to slop at normal pressure; air-storage 
tank with capacity for five operations for breakers 115 kv and above, and eight 
operations 09 kv and below; safety valve; ldowoff valve; shutoff valve; elec¬ 
trically ojicralcd control valve; air strainers; air cooler; pressure gage visible 
with housing doors closed; lock-out switch to prevent attempted operation with 
low air pleasure; mu.sl no( lie possible for nir leakage to build up pressure in 
closing cylinder; lee connection for attaching an emergency air supply; main 
switch and fuse or breaker for compressor motor; state voltage of compressor 
motor supply. 

AcrrftgonvH. Oil (see Chapter 41, Section 39); current transformer quantity, 
latio, type, accuracy, name plates; painting inside and outside; tank lifter for 
frump-mounted breaker. 

tipmv Pnrftt. Crons head and lift rod for one phase; stationary contacts for one 
phase; interrupting chamber foi one phase; trip coil; closing control relay coil; 
set of tank gaskets; bushing. For pneumatically operated breaker: coil for cut¬ 
off rrlav, rloeliically ojieniled control valve, air-pressure-regulating swilcli, port¬ 
able nil-stoiage tank or hose to reach adjacent breaker, compressor, motor, und 
belt. 

Furtwy 7 \sts on Each Brcahr. Tanks at. 150 lb hvdrostalie pressure for 30 
min; mechanical, electrical, and pneuniutic operations; manual close ami trip; 
pressure test of entire air Eastern, if pneiunatieallv opemted; high potential tests 
of current tmieformcis and control cireuits; dielectric test of breaker and bush¬ 
ings; impulse tests on one breaker. 

Spied on Each Hriakcr . Oprn at normal voltage*; open at minimum 

voltage; close at nomml voltage and pressure; close at normal voltage and mini- 
nuim pressure; ojien and immediately reclose at normal voltage and pressure; 
repeal at normal voltage and minimum pressure; close and trip free at normal 
voltage and pressure; plot travel-cycle curves of above operations and mark: trip 
coil energized, arcing contacts part, breaker fully open (except for very high¬ 
speed breakers), breaker ready for reclosure, reelosing relay coni aids clow, arcing 
contacts loucli, breaker fully closed. 

GuaranU rd Ptrhrmanre Data by Bidder. Continuous current capacity; inters 
nipting current rnpucity CO + 15 sec + CO, dilio CO + 0 roc + CO; interrupting 
time with normal control voltage at 100 and at 25% of interrupting rating; ditto 
at less Ilian 25%; redlining time with normal control voltage and air pressure. 

Di**it/n Data by Bifid i r. Type designation; except ions to specification; mmwn- 
laiy and 5-second ratings; test data to support guaranteed interrupting capacity; 
test facilities available; breaker tank inside diameter; material and thickness 
of tank wall; length of contact travel; number of breaks per phase; total break 
length; type of main and arcing contacts; method of extinguishing arc; minimum 
clearance and croppage of live parts to ground in oil and in air; type of closing 
mechanism; closing currcnl; type of tripping mechanism; tripping current; bush¬ 
ing make, type, ml ing, weight, withstand voltages; typo and operation of manual 
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dosing device, tank vents; net weight with oil; maximum impact in terms of 
equivalent static weight; uvcr-ull dimensions; height to remove bushings; addi¬ 
tional Bpace for using manual closer; compressor motor rating; pressure settings 
and adjustment rouges; air-storage lank volume; number of stored operations; 
time for compressor to charge storage tank. 

12. Switchboards. The switchboards of a hydroelectric generating plant 
constitute the centers of control, metering, and relaying of the main power 
circuits; control, protection, and distribution of energy from the eontrol bat¬ 
tery and chargers; control of the excitation circuits; and control and protec¬ 
tion of the auxiliary-power circuits. In small stations these facilities are 
grouped ou one or two boards centrally located, but in large stations the sev¬ 
eral functions are provided for on separate switchboard?* located at points 
about the station chosen to secure maximum convenience of operation and 
economy of wiring. 

The main control, instrument, and relay boards control the main power 
equipment including the generators, the generator-voltage switching, the trans¬ 
formers, the transmission-voltage switching, and the several sources of auxili¬ 
ary power supply. The diagram of Fig. 2 illustrates the controls, instrumen¬ 
tation, and relaying usually required. For a small station these facilities often 
are grouped on a single board near the generating unit or the governor. For 
an important station the* main control boards are grouped in a control room 
centrally located with respect to the equipment controlled. 

The control mom should be well lighted, soundproofed, well ventilated, and 
preferably air-eonditioned to provide the most favorable environment foi this 
important operation. 

Control rooms are variously arranged. In a large station the controls usu¬ 
ally are located on a benchboard and the relays on a vertiral hoard placed 
buck to back with the instrument board. Graphic recorders mav be located 
oil the instrument or relay board or preferably on a separate vertical board. 
The buttery charging and distribution controls generally are located in the 
control room to be directly under the supervision of the switchboard operators 
and arc convementlv mounted on a sepatule vertical board. Figure o indicates 
a plan and cross-section of a modern control room m a largo hydro station. 
For a small station with not more than two generating units, a compart and 
convenient arrangement can lie obtained by placing the governor arlualnrs 
in the control room. With the control room on the same Aoot with the base 
of the generator, and the two governor actuators in opposite °nds of the 
eontrol room, the piping from the actuators to the servomotors con be rela¬ 
tively short. By facing the two actuator Iwiard** toward each other and plac¬ 
ing the controls, instruments, and relays on two back-to-back vertical boards, 
an arrangement can be obtained whereby one operator and nn assistant can 
operate the entire station from a quid, air-runditioned control room. These 
illustrations indicate the wide variety of control-room arrangements to lie 
found. 
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The controls usually are arranged in partial conformity with the location** 
of equipment controlled, and mimic buses and connections are added so as to 
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Fig 2 Tvpual mam single line wiung diagiam. 


present on the tace of the control bo.ud a physically arranged singlc-lmo 
dugi.im lor the guidance ol the operator Wiring from the switchboard de¬ 
vices u> earned in readily accessible steel glitters to the floor below and dis¬ 
tributed in conduits or prcierably on open trays. 
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Excitation k witching and control properly are kept to the minimum. Ex¬ 
cept when* a central excitation scheme is used or where spare exciters are 
wired and switched, the excitation board consists merely of a single ]umel or 
cubicle for each generator mounted near the generator and controlled from the 
main control room. It contains the rheostats, field switches, regulator equip¬ 
ment, and associated devices. See Chapter 41, Section 26. 

Auxiliary power, lighting, and heating switchboards usually are of the 
dead-front, bt eel-inclosed type, containing breakers for controlling and pro¬ 
tecting the main circuits and fused switches and contuctors for controlling 
and protecting the loads. In an important station, separate boards generally 
are used for conlrol and protection of the various auxiliary power sources, 
distribution to the generating unit auxiliaries, distribution to the auxiliaries 
which arc common to the entire station, and distribution to the lighting and 
healing systems. The sources of supply arc often remotely controlled from 
flic main control room, distribution is controlled manually at the distribution 
boards, and motors arc controlled by push buttons and automatic devices 
at or near the equipment driven. 

13. Instrument Transformers. Current and potential transformers are 
an ensoul ini part of the electrical equipment of ('very station to reduce the 
allium's and volts of the main circuits to values that aie safe and economical 
tor the operation of meters, relays, and other device-.. This reduction must 
be effected at a substantially constant ratio and phase angle over the entire 
operating range. The accuracy is defined by A.I.E.E. Standards. The instru¬ 
ment transformers may be included in metal-clad switchgears, oil circuit- 
breakers, or switchboards, or may be purchased separately and installed in 
■•h** station wiring. 

Current transformers are inserted in series in the main circuits for the pur¬ 
pose of supplying secondary currents in proportion to the main currents. 
Standard current transformers at present have 5-ampere secondaries, although 
1-ampere secondaries have advantages for Jong secondary leads and eventually 
may become standard. The insulation of these transformers must be equal 
to that of the primary circuit. Rushing-type current transformers are used 
in circuit-breaker and transformer bushings. Particular care must be taken 
in installing and operating current transformers to avoid excessive resistance 
in the secondary circuit or an open secondary circuit. In the former instance 
the load or burden will exceed the rating of the transformer and result in 
overheating and incorrect ratio; and in the latter instance high voltages will 
lie produced in the secondary circuit which may damage equipment or In? 
fatal if contacted. 

Potential transformers are connected in shunt across the main circuits and 
produce secondary voltages in proportion to the main voltage. Standard po¬ 
tential transformers have 115- or 120-volt secondaries. Standard si*es are 
rated 50, 100, 500, and 1000 volt-amperes. Excessive load or low-power- 
factnr load will result in ratio error. Potential transformers usually are con¬ 
nected to the primary circuits through potential fuses and current-limiting 
resistors. 
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Several bfructural forms and mounting arrangements arc available for cur¬ 
rent and potential transformers to suit wiring conditions both for outdoor 
and for indoor service. The secondaries usually are wired through test blocks 
and switches so lhat the current transformers may be short-circuited and 
the potential transformers open-circuited when work is to be done on the 
secondary circuits. The secondaries always should be grounded, preferably 
close to the transformers. 

14. Generator-voltage Wiring. The main connect ions from the genera¬ 
tors through the switchgear to the transformers, including the generator buses, 
if any, require careful design on account of the heavy currents which result 
in heating and mechanical stresses. Two general types of wiring are common: 
(1) bare bars, tubes, and shapes on insulators; and (2) insulated cables on 
insulators or in ducts. 

Rare conductors are preferred for short connections, particularly in hous¬ 
ings and cubicles where many connections and taps are made to breakers, 
disconnects, instrument transformers, anil other apparatus. They often are 
preferred also for long runs in tunnels or housing* for heavy currents. Rare 
conductors of copper and aluminum are available in flat bars, tubes, angles, 
channels, and hollow squares, and in various dimeii-ions and Heights. Com¬ 
parative characteristics of the two bus-bar metaN are indicated hv the fol¬ 
lowing: 

Popper Aluminum 

Weight of 1 sq in. pm'w-qention in pounds 
per foot of length 3.804 1 172 

l>-t* resistance of 1 sq in. crnRH-Rection in 
ohm m per foot at 20° P n.00000831 0.00001330 

Average linear coefficient of expansion per 
centigrade degree between 25° P and 

100° C 0.0000108 0.000023 

For d-c circuits and light n-e circuits, flat bars are preferred localise of the 
simplicity of the bolting or clamping. For heavy a-c circuit 1 -, hollow shapes 
are preferred on account of skin effect. Ventilation always is desired to help 
dissipate heat losses. Such shape* a> hollow squares with holes for venlilation, 
and hollow squares formed of two channels or two angles with legs toward each 
other but separated to allow good ventilation, are most economical for heavy 
a-c circuits. 

Operating temperature is standardized by A.T.EE. at not over 70° P when 
copj>er-to-copper bolted or clamped connections are used, and not over 85" C 
when silver-plated, brazed, or welded connections are used. As a very gen¬ 
eral indication of the amount of copi>er required, four %- by 4-in. copper 
burs standing on edge with J4-in. vertical ventilation between bars and with 
plain bolted or clamped crumectir ns will carry about 2750 amperes at flO cycles 
with a 30° C rise above 40 u P .n .still, open air. If the bars are inclosed in a 
cubicle or housing, the temperature will }>e increased about 15 Centigrade 
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degrees and the joints should be brazed or welded or may be silver-plated 
and bolted. The same weight of copper used in two copi>cr channels arranged 
to fonn a hollow squaie with vertical ventilation would carry about 3820 
nmiieres, and if used in two angles arranged to fonn a hollow square with 
vertical ventilation it would carry about 4870 amperes. The economical de¬ 
sign of a circuit of this kind involves material and shape of conductor! type 
of joints! skin effect, proximity effect, type of supports, mechanical stresses 
from short circuit mid from thermal expansion, tyj>e of inclosure, amount of 
natural or forced ventilation, and ambient temperatures. Reference should 
be made to the abundnnt m itcrinl found in copper and aluminum manufac¬ 
turer's data books and the various electrical engineers' handbooks (see Chap¬ 
ter 40, Section 17, Kefs. 0, 10, 11, 12, 18, 20, and 22). 

Hus supports, usually are specified to withstand a wet fhishover test of 2% 
times working voltage between phases, and a minimum mechanical breaking 
strength of tw T o or three times the maximum computed .short-circuit stress 
with load applied in any direction through the point of interaction of the 
center line of the conductor and the axis of the support (sr*e Chapter 40, Sec¬ 
tion lit) Porcelain is considerably stronger under compression than under 
any other loading; and where short -circuit stre^ea are very heavy this 
advantage sometimes is utilized by Mirrounding the bus with two, three, or 
four porcelain insulators at each support so that all stresses are applied in 
compression. 

Strucliirov and inclosiiros for buses, breaker**, disconnects, instrument trans¬ 
formers, and related equipment are built of concrete, masonry, Transitc, steel, 
copper, aluminum, or combinations nf these material*. Metal structures and 
inelnsuies are now used very extensively. Thoj can be fahneated in the shop 
in fairly large sections and quickly set in place in the plant. Sometime* the 
e (iiipmeiit and housing are purchased from one manufacturer and completely 
assembled befme shipment, but many power-plant builders prefer to accumu¬ 
late the equipment and install it after the housing is in place in the plant. 
Steel housings are used considerably for circuits carrying moderate currents 
oxcepl that any barriers between plia*e* and any smglo-phase section* should 
be of nonmagnetic material. Aluminum has the advantage of a iwrninncnt 
finish which doc 1 * not require painting, light weight, easy fabrication, and, 
according to sonic authorities, good resistance to burning from arcs. The 
structures should bo of ample *ize to allow not only for necessary clearances, 
but also for inspection and cleaning. 

Reinforcing steel arranged in loops around a single phase of an n-c circuit 
carrying more than about 2000 amperes should be avoided, as such steel will 
become heated and crack tlic concrete. Steel beams and reinforcing, even 
though not looped around a single phase, should be kept at least 12 in. away 
from conduct ora in the 15-kv class and should be thoroughly grounded. 

Insulated cables genernlly are used for long uninterrupted runs from gen¬ 
erator switchgears to transformers. They have the advantages of having con¬ 
tinuous copper without bolted joints and of being more eomimet than bare 
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conductors in housings. Cables insulated with ozone-resisting rubber, var¬ 
nished cambric, or oil-impregnated paper, and with proper outeT coverings, 
have been used for these circuits. Three-conductor cables can be used for 
small-capacity circuits, but above 300 to 400 amperes per phase single-con¬ 
ductor cables are necessary. Under usual station conditions it is not jwwsiblc 
to carry more than about 1000 ampere** on a single cable, so that for heavy 



Line tuning unit 


Fir. 4. Typiral rigid-typt switchyard coiislnirtmn foi level 1 (Train (154 kv). 

cable circuits it usually b necessary to u^e two or three cables ]ier phase. 
When several cables are used in a bank, they seriously react on Line another 
and will not share the load evenly unless the configuration is worked out care¬ 
fully to reduce proximity effects f3|. 

A development of about 1!M0 in hea\ v-capacily conductors for power-sta¬ 
tion use consists of paper-insulated, shielded, I)-annored cables with all three 
phases installed in a continuous steel pipe filled with oil maintained under 
pressure. Some economy in copjier is gained by virtue of the elfieicut heat 
transfer from the cmductors through the insulation and the oil to the oilier 
surface of the pipe. A considerable saving in space if gained over that re¬ 
quired by bare conductor in housings or that required b> insulated cables iii 
duct lines \1Q]- Another development consists of bare conductors of square 
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cross-section with each phase installed on insulators within a cylindrical, non¬ 
magnetic metal housing. Four porcelain post-type insulators are used at 
each support so that all porcelain is in compression. The separate grounded 
housing around each phase injures that all faults will be phase-to-ground [12]. 

15. Transmission-voltage Wiring. With the high-voltage wiring, the 
problem is not one of current-carrying capacity and short-circuit stresses, as 



Fig. 5. Adaptation of rigid-type switeliyaid lonshurtion for hillside terrain 

(154 kv). 

with the law-voltage circuits, but principally of insulation. Large clearances 
must be maintained, and usually the entiic installation is out-of-doors. Flex¬ 
ibility is required, so that structures can be extended and circuit* added with 
minimum shutdown. (See Section 1.) 

Two general tyi>cs of conduction have been developed: (1) the flexible 
type, when* buses and connections are of stranded cable and are suspended 
by strain insulators between steel structures; and (21 the rigid typo, where 
buses and most of the couneetions are of pipe or tubing and are supported by 
post insulators above or below *leel structures. The second type seems to be 



1004 SWITCHING, WIRING, AND AUXILIARY POWER l Chav. 421 

gaining favor because less spacing between conductors ran be allowed with 
the rigidly supported conductors and usually the steel structures can be 
lighter and more compact. A combination of the two types may lie desirable. 

An example of the rigid-type construction is given in Fig. 4. Buses and 
main connections are of 4-in. and 2M>-iu. steel pipe with joints welded and 
zino-sprayed. Recommended clearances and spacings for various voltages 
are given in Table 1. For current-carrying capacities of bare cables and of 
steel pipes, see Section 28, Refs. 1, 7, and 13. 

TABLE 1 

Recommended Minimum Clearances and Spacings for Outdoor Equipment 

and Rigid Conductors 


Voltage 

Olearamv, 

Clearance, 

Spacing, 

between 

Live Part to 

Live Part to 

Phase 1o 

Phases, kv 

Ground, ill. 

Live Part, in. 

Phase 1 , in. 

15 

9 

12 

24 

23 

13 

18 

30 

34.5 

16 

22 

36 

46 

20 

27 

42 

69 

28 

38 

56 

115 

44 

59 

84 

13K 

53 

72 

94 

161 

01 

82 

um 

230 

HO 

115 

1*4 


An adaptation of the lipid construction foi hill-ide 1npngniph> as often 
found at a tributary hydro plant i* shown in Fig. 5. The same general 
arrangement i* also suitable on level ground if the -ite ton narrow to permit 
the flat structmcs of Fig 4. 

For outdoor structure*, refer 1u Chapter 43, Section 29. 

16. Auxiliary Power Wiring. The wiring from the auxiliary power 
distribution boards to the motor*, controls, heater-, and lighting device* gen¬ 
erally is installed in fiber and .'■tee! conduits concealed in the powerhouse 
structures. Varnished-cambric, rubber, and nihlier-like insulation- are suit¬ 
able, rubber-hke insulations being used ino*»t generally. Outside coverings 
should be of Neoprene or other moisture- and oil-resisting material. Three- 
conductor cables can be used for motor circuits, but some builders prefer nil 
single-conductor to avoid waste in cutting lengths. Control win's from the 
push buttons at the motors sometimes are run bark to the rout actors on the 
distribution board through the same conduits with tho power wires. 

Fur lighting and small heating circuit* operating at not above 600 volts, 
thermoplastic compound 1 * are available which provide the insulation and cov- 
enng in one honiogciieon- wall. The material can be colored as desired for 
coding. 
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17. Control Wiring. Wiring from the control switchboards to breakers, 
instrument transformers, sigual devices, and other equipment within the sta¬ 
tion and in the switchyard usually is in the fonti of multiple-conductor cables. 
A separate cable usually is run for each circuit, such as the control of a 
breaker or a rheostat, or the leads from a set of instrument transformers. 
Stranded conductors are preferable to avoid breakage from vibration. Oil- 
base insulating compounds using synthetic rubber are widely employed at 
present. They rows! moisture, oil, and ozone and have long life. Thin cover¬ 
ings of Neoprene often are applied over the insulation of each conductor, and 
a tough Neopreue jacket is placed over the group to form the cable. Though 
muny kinds of insulation, covering, and cable make-up are satisfactory, the 
general type ills'! described is very suitable either indoors or outdoors. 

On the switch!amrd, the 'varnished-cambric, asbestos panel wiring is brought 
to terminal blocks that connect it. to the station cables. It is customary to 
tag every terminal stud, wire, and cable for identification. From the terminal 
blocks, the eontrol rabies are routed throughout the station to the various 
equipments controlled. A studied arrangement of lliis important wiring is 
essential to secure an orderly, flexible arrangement. Tn a small station it is 
quite possible to carry the cables in individual steel conduits to their various 
destinations, but in a medium nr large station a much more systematic ar¬ 
rangement is necessary. Many designer* of large rfations provide a spreading 
room directly below the control room and a rnble gallery that runs the entire 
length of the powerhouse. The control cables are carried from the switch¬ 
board terminal blocks through the floor to the spreading room where they fall 
systematically onto cable trays that extend along the walls of the cable gal¬ 
lery to points opposite the generators, switchgears, and other equipment. The 
"able* then leave the tray* and are carried in comparatively short steel eon- 
ijiiils to their destinations. A similar gallery or a duct and manhole system 
is used to carrv the cables to the equipment in the switchyard. Such an 
arrangement N compart, and yet eaeh cable is accessible for most of its length. 
Cable tr.ivs of Transitc with bottom and sides formed of onn piece in about 
33-fl lengths are available. 

18. Wires and Cables. Conductors for power-station cables are of soft- 
drawn annealed copper. Tables 2 and 3 give data on solid and concentrically 
slrnnded conductors. Solid conductors often are used in size 10 and smaller 
and stranded in size 8 and larger, but it often is advisable to use stranded 
conductors in smaller sizes for important controls and foT small motors, espe¬ 
cially where the wiring is subjected to vihiation or frequent bending. For 
many years control cables have bt^en made with flexible 39-strand conductors 
even in the small sizes, but standard 7-strand conductors are coming into 
favor. Flexible stranding is generally used in sizes larger than 500,000 pir mils 
when the cables are to l>o pulled into ducts. For 3-conductor cables, the 
conductors usually are sector-shaped to reduce the over-all diameter of the 
cable. Tn some cases the sector-shaped conductors are crushed in rolls to 
form a compact stranding which further reduces the over-all diameter of the 
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TABLE 2 * 

Working Table, Stan hard Annealed Copper Wire 
American Wire Gage (B. A S.) 


CroflH-aortion Ohins ]ier 1000 Ft Pounds 

--, t -■-- per 


Gage 

Diameter 

Circular 

Square 

25° C 

65° O 

1000 

No. 

in Mils 

Mils 

Inches 

(-77° F) 

( = 149° F) 

ft 

0000 

460 

212,000 

0.166 

0.0500 

0.0577 

641 

000 

410 

168,000 

0.132 

0 0630 

0.0727 

508 

00 

365 

133,000 

0.105 

0.0795 

0.0917 

403 

0 

325 

106,000 

0.0829 

0.100 

0.116 

319 

1 

289 

83,700 

0.0057 

0 126 

0.146 

253 

2 

258 

66,400 

0.0521 

0.150 

0.184 

201 

3 

229 

52.600 

0.0413 

0.201 

0.232 

159 

4 

204 

41.700 

0.0328 

0.253 

0.292 

126 

5 

182 

33,100 

0.0260 

0.319 

0.369 

100 

6 

162 

26,300 

0.0206 

0.103 

0.465 

79.5 

7 

144 

20,800 

0.0161 

0.508 

0 586 

63.0 

8 

128 

16,500 

0.0130 

0.641 

0.739 

50.0 

9 

114 

13.100 

0 0103 

0.808 

0.932 

39.6 

10 

102 

10,100 

0.00815 

1 02 

1.18 

31.1 

11 

91 

8,230 

0.00647 

1.28 

1.48 

24.9 

12 

81 

6.530 

0.00513 

1 62 

1.87 

19 8 

13 

72 

5.180 

0.00407 

2.04 

2.36 

15.7 

14 

64 

4,110 

0.00323 

2.58 

2.97 

12.4 


* From Bureau, of Standards Cin ulat 31. 


cable. Bucli cables, while smaller, are stiffcr and nwro difficult tu splice. For 
single-conductor rabies for a-c circuit**, the conductor often b slraiulcd with 
a hollow core winch reduces the t-km effect and permits more current ]>fr 
pound of Clipper but increases the over-all diameter. Another method of 
reducing the skin effect without increasing the diameter appreciably is to 
divide the conductor into three or four equal groups separated by a small 
amount of radial insulation. This type of conductor, for heavy single-phase 
cables, is called the segmental conductor. The strands arc sometimes par¬ 
tially crushed to give smaller cable diameter. 

Insulations of three general types are in common ihc. Oil-base rubber in¬ 
sulation resists moisture, oil, and ozone. It is fairly soft, however, and lias 
a slight tendency to become eccentric after years of Hcrvice at rated tempera¬ 
ture, especially if used on a heavy conductor. Synthetic rubbers have lieen 
developed with electrical and mechanical characteristics almost as good as 
those of natural ruhlier; some are Ixittcr. Varnished-cambric insulation re- 
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TABLE 3 * 


Barr Concentric*-lay Cables of Standard Annealed Copper 


Rise of Cable 

Ohms per 

1.000 Ft 

Founds 

per 

T 

Htandard Conoentrio 
Stranding 

Flexible Conoentrio 
Stranding 

Circular 

Mils 

A.W.O. 

No. 

23" C 
(-77°F) 

65° C 
(-149T0 

Num¬ 
ber of 
Wires 

Diam¬ 
eter of 
Wires, 
mils 

Out¬ 

side 

Diam¬ 

eter, 

wiila 

Num¬ 
ber of 
Wires 

Diam¬ 
eter of 
Wires* 
mils 

Diam¬ 

eter, 

mili 

2,000.000 




6,180 

PI 

125.5 

1,631 


108.8 

1,632 

1,900,000 


■MMsl 


5,870 

El 

122.3 

1,590 


106.0 

1,690 

1,800,000 


.00399 


5,500 

mm 

119.1 

1,548 



1,648 

1,700,000 


.00034 

.00732 

5,250 

1 1 

115.7 

1,604 

160 


■ wr^rll 

1,000,000 


.00074 


4,940 

127 

112.2 

1,459 

109 

97.3 

1,460 

1, ,100,000 


.00719 

IP 

4,030 

91 

128.4 

1,412 

127 

108.7 

1,413 

1,400,000 


.00770 

.00889 

4.320 

91 

124.0 

1.304 

127 

105.0 

1,365 

1.300,000 

.... 

.00830 

.00938 

4.010 

91 

119.5 

1,316 

127 


1,315 

1,200,000 


BEroSl 

.0104 

3,710 

91 

114.8 

1,263 

127 

97.2 

1.264 

1,100,000 


.00981 

.0114 

3,400 

91 

109.9 

1,209 

127 

93.1 

1.210 

1,000,000 


.0108 

.0124 

3,090 

61 

128.0 

1.152 

91 


1,153 

930.000 


.0114 

.0131 

2,930 

01 

124.8 

1,123 


■ LL^frE 

1.124 

900,000 

... 

.0120 

.0136 

2,780 

01 

121.5 

1,093 

HI 

99.4 

1.094 

850,000 



.0140 

2,620 

01 

118.0 

1,062 


96.6 


800,000 

.... 

.0135 

.0150 

2,470 


111.3 

1,031 


TTT1 


730,000 


.0144 

.0100 

2,320 

01 

110.9 

90B 

HI 

90.8 

999 

700.000 


.0154 

.0178 

2.100 

61 

J07.1 

964 

Hfli 

87.7 

905 

030.000 


.0100 

.0192 

2,010 

01 

103.2 

929 

91 

84.5 

930 

000,000 



.0207 

1,850 

61 

99.2 

803 

91 

81.2 

893 

330.000 


.0198 

. 0220 

1.700 

mm 

95.0 

855 

91 

77.7 

855 

300 000 


.0210 

.0210 

1,540 

■9 


814 

61 

90.5 

815 

450.000 


.0240 

.0277 

1,390 

■a 

110.3 

772 

61 

85.9 

773 

400,000 



.0311 

1,240 

37 

104.0 

72B 

01 

81.0 

729 

330,000 


0308 

. 0350 

1,080 

37 

97.3 

081 

01 

75.7 

682 

300,000 


.0300 

.0415 

920 

37 

90.0 

630 

61 

70.1 

631 

230,000 


.0431 

.0496 

772 

37 

82.2 

575 

01 

64.0 


212.000 


.0509 

.0587 

053 

19 

105.5 

528 

37 

75.6 

533 

108.000 

000 

.0042 

.0741 

318 

19 

94.0 

470 


67.3 

471 

133.000 

00 

.0811 

.0936 

411 

19 

83.7 

418 

HI 

60.0 

420 

108,000 

0 

.102 

.117 

320 

19 

74.5 

373 

1 

63.4 

374 

83,700 

1 

.129 

.149 

258 

ID 

60.4 

332 

37 

47.6 

333 

00,400 

2 

.162 

.187 

205 I 


97.4 

202 

19 

59.1 

296 

52,000 

3 

.205 

.237 

103 


8G.7 

200 

10 

52.6 

263 

41,700 

4 

.259 

.299 

120 


77.2 

232 

19 

40.0 

234 

33.100 

5 

.320 

.376 

102 


08. B 

200 

19 

41.7 

209 

20,300 

G 

.410 

.478 

81.0 


61.2 

184 

10 

37.2 

186 

20,800 

7 

.519 

.599 

64.3 


54.5 

164 

19 

33.1 

100 

10.500 

8 

.854 

.755 

51.0 


4B.0 

146 

19 

29.5 

147 


* From Bureau of Standards Circular 31. 

Hole: Thin table ia in accord with standards adopted by the Standard* Committee of the American 
Institute of Kleetrioal Engineers, both in leaped to the number of wires and In respect to the OOtmction 
for increase of resistance and mat* due to Ihc l wist of the wires. The values given for ohms per 1000 
ft and pound* per 1000 ft are 2% greater than loi a solid rod of cross-section equal to the total croos- 
seetiou of the wires of the cable. 
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sints moisture, oil, and ozone. It cannot become appreciably eccentric because 
it consists of tapes wrapped to required thickness. Where varnished-cambric 
cables are used in vertical runs, they should be built with nonmigrating com¬ 
pound to prevent leakage at the lower ends. Oil-impregnated paper insulation 
is compact and least expensive. It does not resist moisture and must there¬ 
fore 1m* covered by a continuous lead sheath and sealed at the ends. The in¬ 
sulation is wrapped and does not become eccentric. 

Radial thicknesses of iiiMilation in sixty-fourths of an inch and safe operat¬ 
ing conductor temperatures in degrees Centigrade for single-conductor cables 
of 1,000,000 cir mil size and larger are a« follows for operation in an un¬ 
grounded circuit at the phaNe-to-phasc voltages stated: 



5 kv 

)0 kv 

If. kv 

Insulation thickness 

Rublier 

12 

10 

28 

Cambric 

10 

15 

21 

Paper 

7 

12 

16 

Conductor temperature 

Rubber 

75 

70 

70 

Cambric 1 

85 

81 

77 

Pa[HM 

85 

83 

81 


Shielding in the fotm of thin metallic tapes or conducting impregnating 
braids is required over the insulation of all cables operating at voltages abn\e 
5000 volts between conductor*, to distribute the voltage stress uniformly 
and avoid formation of corona and ozone. These shields should be grnundixl 
and must be belled out at the ends In form voltage stress cones. 

Coverings for dry locations conri*1 of tapes anrl braids The braids lMiallv 
are impregnated to resist moisture and flame. For wet locations, lead sheaths 
or rubber jackets sometimes reinforced with fnbrir are used. Lead sheath*- 
often deteriorate in alkali emironment and usually nm*t be protect'd by 
waterproof tapes. Jackets of svnthelir rubber such as Neoprene are highly 
resistive to moisture, oil, and abrasion. 

The grounding of shielding tape* and lead sheaths nm«t be done judiciously. 
If the conductor current is high, it i* preferable to ground onlv at one point 
so as to avoid excessive sheath current's ff the cable* is long, it is preferable 
to ground frequently and usually necessary to sectionalize the sheath to avoid 
excessive sheath voltages. For an evten*ion of thi* subject, refer to Section 
28, Ref. 11, and to the various electrical engineers’ handbooks. 

Splices and terminals must be insulated carefully, using materials matching 
the ruble insulation. The sueeess of the splice or terminal de]K*nds in a large 
measure on the skill of the splicer For important cables, instructions as to 
materials and workmanship should be obtained from the cable manufacturer. 
Rubber-insulated cables can bo terminated by removing the outer covering 
and shielding tapes for a 1 1 »‘Ticient distance back from the end to avoid crocp- 
age current from the conductor to ground. In dry locations varnished-cam- 
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TABLE 4 

RECOMMENDED CUBREN'T-TABHYING CAPACITIES OF iNbULATED CONDUfTOBh IN 

Conduits 

Based on single-conductor wires and cables, 600-volt insulalion, continuous 
oiierahuu, nol more than 3 conductois poi conduit, ambient tempos alurc 30° C 


Size, 

xype aim v i 

ft! ~Y 1U K ' 

1 

< 

III AJUpeiVM - 

a Vi n 

R 

HIT 

P 




01 

RW 

V 

AVH 

AVA 

An 

A 

Mem 

60° C 

73° C 

85° C 

110° C 

123° C 

200° C 

14 

15 

15 

25 

30 

30 

30 

12 

20 

20 

30 

35 

40 

40 

10 

30 

30 

40 

45 

50 

55 

8 

10 

45 

50 

00 

65 

70 

0 

55 

f>5 

70 

80 

S5 

95 

1 

70 

85 

90 

105 

115 

120 

3 

80 

100 

105 

120 

130 

145 

2 

05 

115 

120 

135 

115 

160 

l 

110 

130 

140 

160 

170 

100 

1 0 

125 

150 

155 

100 

200 

225 

2 0 

145 

175 

185 

215 

230 

250 

3 0 

165 

200 

210 

245 

265 

285 

4/0 

195 

230 

235 

275 

310 

340 

250 

215 

255 

270 

315 

335 


300 

240 

285 

300 

345 

380 


350 

200 

310 

325 

300 

420 


400 

280 

335 

300 

420 

450 


500 

320 

380 

405 

470 

500 


MX) 

355 

420 

455 

525 

545 


700 

385 

460 

490 

560 

600 


750 

400 

475 

500 

580 

620 


m 

110 

490 

515 

600 

640 


000 

435 

520 

555 




1000 

455 

545 

585 

680 

730 


1250 

195 

590 

615 




1500 

520 

625 

700 

785 



1750 

545 

650 

735 

... 



2000 

560 

665 

775 

840 
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TABLE 4 --Continued 


Ambient 
°0 
40 
45 
50 
55 

GO 
70 
75 
80 

90 
100 
120 
UO 

Correction Parlors for Operating Conditions Other Than Those Specified 


Working Voltage 

% Amperes 

600 volts 

100 

5.000 vnltH 

05 

15,000 volts 

00 

Duration of Operation 

u ( \niperes 

Continuous 

100 

2 hr 

105 

1 hr 

125 

Number of Loaded 
Conductors jut Conduit 

% AmiPros 

1 to 3 

100 

4 to 6 

80 

7 to 0 

70 


‘ Type letters and Insulations. 

A = asbestos. 

AIA “ impregnated aslicstns, asbestos braid. 

AVA ™ asbestos, varnished iambi ic, asbestos braid. 

AVB — asbestos, varnished cambric, flame-resistant rot I on braid. 
P * paper, oil impregnated. 

R *= code grade rubber. 

RH — heat-resistant rubber. 

RW -* moist un'-resistant rubber. 

V — varnished rambric. 


Correction Factors for AmbientB over 30° C 


R 

RW 

RH 

V 

P 

AMI 

AVA 

AIA 

A 

60° C 

75° C 

85° C 

110° C 

125° C 

200° C 

0.82 

0.88 

0.00 

0.94 

0.95 


.71 

.82 

.85 

.00 

.92 


.58 

.75 

.80 

.87 

.89 


.41 

.67 

.74 

.83 

.86 



.58 

.67 

.79 

.83 

0.91 


.35 

.52 

.71 

.76 

.87 


.13 

.30 


.66 

.01 

.50 


.72 

.60 

.61 

.31 


§§ 38£8 
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brie-insulated cables can be terminated like rubl>er insulation except that the 
exposed insulation should be covered thoroughly with a waterproof varnish. 
For damp locations a compound-filled cable tenhinal with porcelain bushings 
ahould be used. Paper-insulated cables require compound-filled cable ter¬ 
minals whether indoors or outdoors. 

Current-carrying capacities of wires and cables, where voltage drop is not 
a determining fartoT, are determined by the temperature considered safe for 
the insulation used. The operating temperature dejK’nds on many conditions, 
such as conductor type, insulation thickness, num)>cr of conductors per cable, 
number of cables per duct, number of ducts per duet bank, ambient tempera- 
lure, and load factor. Approximate current-carrying capacities of wires 
and cables in conduits and ducts, with commonly used insulations, for voltages 
u]> to 15,000 volts, and unrl-‘r usual operating conditions arc given in Table 4. 
For important cables, reference should be made to Section 28, Ref. 9. 

Dimensions and weights of insulated wires and cables commonly used ; n 
powerhouse const met ion are given in Table* 5, 6, 7, and 8. The data are 

TABLE 5 

Approximate Diameters and Wkiohth or SiNOM^mNDrrroR, CWnoNTBir'- 

STIIAM), RURnnil-INSITlMThl), itVBUEll-J \CKKTKI) I’oWHR CARLES FOR 

Unohounuisii Service 


Conductor 

Size, 

A.W.CL or 
Mem 

Outside Diameter, 
in. 


Net Weight, 
per 1000 ft 

lb 

600-v 

3000-v 

15,000-v 

600-v 

3000-v 

15,000-v 

12 

0.35 



70 


m m m m 

10 

0.37 



90 


.... 

8 

0.41 

0.03 


120 

200 

.... 

0 

0.48 

0 08 

, 

175 

200 

.... 

4 

0.54 

0.73 


235 

330 

.... 

2 

0.01 

0 79 


310 

430 


1 

0.08 

0.81 


420 

530 


1 0 

0 72 

0.87 

1 00 

500 

650 

1310 

20 

0.77 

0.93 

1.05 

000 

750 

1450 

3/0 

0.82 

1.02 

1,70 

750 

900 

1600 

4 '0 

0.90 

1.08 

1.75 

915 

1050 

1790 

250 

1.01 

1.13 

1.80 

1100 

1250 

1950 

300 

1.03 

1.18 

1.85 

1250 

1400 

2170 

350 

1.08 

1.23 

1.90 

1450 

1000 

2380 

400 

1.13 

1.29 

1.95 

1050 

1800 

2620 

500 

1.22 

1.40 

2.05 

1950 

211X) 

2970 

000 

1.30 

1.48 

2.15 

2300 

2500 

3370 


1.43 

1.56 

2 25 

2600 

2900 

3730 

750 

1.40 

1.59 

2.30 

2850 

3100 

3920 

800 

1.50 

.... 

2.35 

3100 

.... 

4110 
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TABLE 6 

Approximate Diameters and Weights of StngIjE-conductor, Con centric- 
strand Varnished-cambric'-insulated, Braided Power Cabijsm for 
Ungrounded Service 


Conductor Outride Diameter, Not Weight, lb per 


Size, 

A.W.G. or 
Mem 


in. 



1000 ft 


1000-v 

5000-v 

15,000-v 

1000-v 

5000-v 

15,000-v 

6 

0.37 

0.50 

0.75 

130 

180 

200 

4 

0.42 

0.55 

0.80 

180 

240 

360 

2 

0.48 

0.61 

0.80 

270 

320 

400 

1 

0.55 

0.65 

0.02 

340 

390 

560 

1/0 

0.50 

0.09 

0.06 

420 

470 

010 

2/0 

0.01 

0.73 

1.00 

510 

500 

750 

3/0 

0.00 

0.79 

1.00 

020 

070 

880 

4/0 

0.75 

0.84 

1.14 

770 

820 

1070 

250 

0 S3 

0.94 

1.10 

010 

900 

1200 

300 

0.90 

1.00 

1.25 

1000 

1170 

1400 

350 

0.90 

1.05 

1.30 

1200 

1340 

1580 

400 

1.00 

1.12 

1.34 

1420 

1530 

1730 

500 

1.12 

1.21 

1.13 

1780 

1870 

2110 

300 

1.23 

1.29 

1 51 

2140 

2230 

2400 

750 

1.33 

1.40 

1.01 

2000 

2710 

2990 

1000 

1.49 

1.55 

1.77 

3400 

3540 

3830 

1250 

1.09 

1.73 

1.94 

4360 

1400 

4710 

1500 

1.81 

1.81 

2.00 

5170 

5210 

5550 

1750 

1.02 

1.05 

2.17 

5050 

3000 

0370 

2000 

2.01 

2.04 

2.20 

0810 

6870 

7200 


approximate 1ml arc believed to lx* maximum and MJihrieiitly accurate foi 
estimating and preliminary layout. 

19. Conduits and Ducts. Rigid iron conduit ih lined to inclose the greater 
part of the station wiring. It in manufactured from steel tubing and either 
enameled, slierardizcd, elect rogalvamzcd, or hot-galvanized. The interior, 
and in Mime ty]X\s the exterior also, is enameled over the zinc coating. Tt in 
made in l()-ft lengths, mimed and threaded at each end, and each length is 
provided with one coupling. Weight* and dimensions of conduit and principal 
fittings arc given in Table 9. It should lie noted that dimension "U M is the 
radius of a standard factory bend. A field bend usually is made at about 
double the standard radius. 

Aluminum and brass conduits of about the same dimensions ns standard 
iron conduits are available for ra^es where it is necessary to run each ptaw 
of an a-c circuit in a scpuinfc conduit. Flexible iron and brass rnnduits are 
available for connections to motors and machines where Home movement is 
desired. 
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TABLE 7 

Approximate Diameters and Weights op Sin gle-oonductor, Conctentrio- 

BTRAND, PAPER-INSULATED, IiEAD-COVERED POWER CaBUCS FOR UNGROUNDED 

Service 


Conductor 
Size, 
A.W.CL 
nr Mem 

Outside Diameter, 
in. 

Net Weight, 
1000 ft 

lb per 

1000-v 

5000-v 

15,000-v 

f— - 

1000-v 

5000-v 

15,000-v 

4 

0.54 

0.01 

0 03 

690 

790 

1470 

2 

0.00 

0.o7 

0 09 

850 

960 

1660 

l 

0 01 

0.07 

1.00 

910 

1020 

1700 

1 0 

0.05 

0.71 

1.04 

1030 

1140 

1840 

2/0 

0.60 

0.74 

1.10 

1170 

1280 

2140 

3 0 

0.73 

0.81 

1.14 

1340 

1560 

2350 

4/0 

0.80 

0.86 

1.19 

1650 

1760 

2590 

250 

0.85 

0.01 

1.24 

1810 

1930 

2790 

300 

0.00 

0.06 

1.29 

2030 

2170 

3040 

350 

0.04 

1.01 

1.33 

2260 

2390 

3290 

400 

0.99 

1.05 

1.38 

2470 

2500 

3530 

500 

1 00 

1.14 

1.47 

2880 

3180 

4150 

750 

i .28 

1.31 

1.04 

4130 

4200 

5270 

woo 

1.44 

1 47 

1.80 

5280 

5370 

6550 


TABLE 8 

Approximate Diameter* and \V bruits ok Rubbert-insulated. RitbbeRp 
JMRL.TL1)/ 000-VOIJT, 7-KHUNU, CoNIROK CABLES 



Out Hide Diameter. 

Net Weight, lb 

Number of 

in. 


per 

1000 ft 

• —— 


i - 

1 

Conductors 

No. 12 

No 9 

No. 12 

No. 9 

1 

0 25 

0 27 

45 

70 

2 

0 60 

0.67 

160 

280 

3 

0.67 

0.75 

2 m 

340 

4 

0 72 

0 81 

290 

420 

5 

0.82 

U.88 

340 

520 

6 

0.85 

0.95 

410 

590 

7 

0.85 

0 95 

450 

660 

8 

0.92 

1.05 

550 

750 

9 

1.01 

1.15 

030 

840 

10 

1.08 

1.19 

650 

930 

11 

1.10 

1.21 

700 

1020 

12 

1.15 

1.26 

730 

1110 

14 

1.17 

1.32 

830 

1200 

19 

1.25 

1.48 

1050 

1500 


• A. thin jacket over (hr insulation of each conductor and an ouler jacket orer«lL 
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TABLE 9 

Weights and Dimensions: Rigid Iron Conixjit and Fittings 
Di miMutinnH—In cheei 

Conduit Nipples El bo we Couplings Bushings 

A-Thraads par inch; B-Diameter of thraadi; C-Waifht par ft In lb 





(JuQiititv in fWt 



0, 

000 

10 

000 

0.B10 

7 

Gf»H 

R 

520 

0,072 

10 

200 

11 

.440 

13,472 

1*. 

no 

lb 

840 

18,248 

20 

r )2'l 

22 

810 

21.848 

24 

.'>711 

27. 

.310 

20 424 

33 

102 

30 

780 

40, >52 ; 

! 52, 

.371 

58 

100 

028 

68 

514 

70. 

,160 

73.01G 

1 82, 

,818 

02, 

,020 



17.040 
22,680 
33,680 
45 620 
54.020 
72 r i00 
116 380 
152,320 
184,040 


25,000 

21 3(H) 
28 350 
12,100 
57,026 
08,275 
01 030 
146,475 
100,100 
230,050 
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CONDUITS AND DUCTS 


Fiber and Tranrite .conduits are available for duct lines and for station use. 
They are lighter and less exclusive than iron conduit, and, being nonmagnetic, 
they are suitable for running individual phases in individual conduits. Fil>or 
conduit is made of felted Abel’s and coal-tar pitch; Transite is made of 
asl>estos fibers and Portland cement. Both are made in light weights for 
inclosing in concrete and in heavier weights for running exposed or laying in 
the earth. Couplings of the Harrington type arc available to fit the tapered 
ends of the conduit lengths. Weights and dimensions are given in 'Tables 10 
and 11. 

TAHLK 10 


Weights and Diuknkions of Fiber Conduit * 


Nominal 

Approximate 

Net 


Radius of 

Standard 

luride 

Out Bide 

W eight. 

Radius of 

4ft" and 

Diameter, 

Diameter, 

lb 

45° and 00° 

90° 

Length, 

in. 

in. 

per foul 

Bend, in. 

Elbow, in. 

ft 



Standard Weight 



1 

1.41 

0 00 

18, 24, 30 

5.75 

5 

ll 

2.10 

0 85 

18, 24, 30 

8.25 

ft 

2 

2 50 

1 05 

18, 24, 30 

0.5 

5 

2\ 

3.00 

1 30 

24, 30 

10 ft 

8 

3 

3 50 

1 40 

30 

13.0 

8 

3i 

4 02 

1.00 

30 

15 0 

8 

4 

A 50 

1 IN) 

30 

10.0 

8 

4J 

5.10 

2.20 

30 

18.0 

8 

ft 

5 02 

2 80 

30 

24.0 

5 

6 

0.81 

4 25 

30 


5 



Jlem 

'V 15 eight 



\\ 

2 30 

1.1 

IS, 24, 30 

8.25 

5 

2 

2.IN) 

l.t) 

18, 21, 30 

9.5 

5 

2\ 

3.18 

3.1 

24, 30 

10.5 

8 

3 

4 03 

3 0 

30 

13.0 

8 

3* 

4 57 

3 0 

30 

15.0 

8 

m 

4 

5.12 

1.3 

30 

10.0 

8 


ft. OS) 

5.1 

36 

18.0 

5 


* Dal a from the Film* Conduit Company. 


Tile duct is made in single sections IS in. long and in multiple sections 
3fi in. Jong. It i* seldom used in the power station, but oflen in underground 
duct lines. Split tile is sometime* advantageous in cable rooms and manholes, 
a*, it cun be put around the cables after they are in place. Multiple-tile duct 
is not suitable for installing heavy-capacity circuits as the fragile partitions 
are destroyed easily by a cable burn-out. For heavy-capacity duct lines, 
each duct, whether of tile or fiber, should 1* surrounded by at least 3 in. of 
concrete. 
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TABLE 11 

Wkicihth and Dimensions cu Transits Conduit * 


Nominal 

Inside 

Approximate 

Outside 

Net 

Radius of 

St an dan 

Diameter, 

Diameter, 

Weight. 

45° and 90° 

Length, 

in. 

in. 

lb per foot 

Bend, in. 

ft 

2 

2.70 

Standard Weight 
2.1 

18, 24, 36 

5 

2l 

3.20 

2.0 

18, 24, 36 

5 

3 

3.74 

3 3 

21, 36 

10 

8J 

4.21 

3.7 

36 

10 

4 

4.74 

4.1 

36 

10 

4j 

5.30 

5 1 

36 

10 

5 

5 80 

3 7 

48 

10 

6 

6.80 

0 7 

48 

10 

2 

2.50 

Light Weigh 1 

1 2 

IK, 21, 36 

5 

2j 

3.00 

1.5 

18, 24, 36 

5 

3 

3.51 

1 8 

21, 36 

10 

3a 

4.04 

2.0 

36 

10 

4 

4 54 

2 3 

36 

10 

4i 

5.04 

2 8 

36 

10 

5 

5 00 

3 2 

48 

L0 

6 

fi.UO 

3 7 

48 

10 


* Dalalroin Jolins-Manvillc lnleinnlimial ( 'oiporation. 


Instnlliition of conduits in a building nr dim must keep pace with the 
construction, and it is therefore necessity to prepare well-detailed conduit 
plans in advance of field work. Suitable cundmt sizes for various groupings 
of wires and cables are given in Table 12. 

20. Lightning Protection. The relative importance or lightning protec¬ 
tion in various parts of the country is indicated by the number of thunder¬ 
storm days jier year, as shown in Fig. 0. It generally is eonsiderod good in¬ 
surance to provide ligliuiing protection of major station equipment even in 
light-thunderstorm areas, as the cost of good protection is a small percentage 
of the cost of the equipment to lie protected. Transformers, regulators, and 
breakers are among the important items of outdoor equipment whirh require 
protection. 

Protection against direct lightning strokes is effectively provided by in¬ 
stalling a shielding network of ground ivircs over the station. Each overhead 
ground wire .affords protection over a considerable area below it. It usually is 
considered that all equipment. :« adequately protected from direct stroke if it 
is located within 45 degree's of a perpendicular dropped from ihe overhead 
ground wire. The overhead shielding network must lie groimded very thor- 
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TABLE 12 


Suitable Conduit Sizes fob Various Groupings of Wiser and Cableh 


Diagram shows smallest equivalent diameter of group of wires and diameter of 
conduit in terms ot diameter of a single wire 1 . 

Diameter of conduit is for runs from 50 ft with two 90° bends to 150 ft with one 
00° bend. 

For more difficult runs and wherever cables aro larger than 1 in. in diameter, 
increase diameter of conduit by 15%. 

Example: Size of conduit for four No. 1/0 wires. Diameter of No. 1/0, rubber- 
insulated, jacketed, 000-volt wire, from Table 5, - 0.72 in. 

0.72 X 3.1 — 2.232 in [Jse 2^-in. conduit. 
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I«Ofpraunn*s—total thunderstorm days in 30 years. 1904-1933. (From Monthly Weather Reveiw, May 1935.) 
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LIGHTNING ARRESTERS 

oughly at many points. It would be ideal to suspend the overhead whipHlng 
network above the switchyard on steel structures entirely independent of the 
switching structures. In most cases, however, the cost of such an installation 
would be excessive, and the overhead ground network is supported by steel 
peaks atop the switching structures. 

If ground wires arc provided aliove the transmission lines, they should be 
connected to the network over the station. If not, it is good practice to 
extend the station shielding out over the transmission lines for at least H mila 
bo that any lightning strokes to the transmission conductors where they are 
unshielded will have at IcAst Vi mile in which to attenuate before ontering the 
station. 

Protection against surges entering the station as a result of lightning strokes 
to unshielded transmisHon lines or to ground wires or to adjacent objects is 
provided by the installation of lightning arresters at or close to the equipment 
to be protected. 

For further information on lightning protection, see Section 28, Ref. 2 and 
Chapter 40, Section 17, Ref. 20. 

21. Lightning Arresters. Many forms of arrestciB have been used. An 
caily form consisted of small gaps brtwpen cylindeis of nonaremg inetal in 
series with a carbon resistor. Anothoi wa« the aluminum cell or electrolytic 
ampler. It consisted of a protective gap and a perils of aluminum trays or 
cups nested and separated bv electrolyte, thu*, forming a senes of electrolytic 
cells. When kept charged bv eloping tlie gap each day against normal 00-cycle 
voltage, an insulating film was maintained on the surfaces of the aluminum 
cups which w:i" bioken down only by an abnormal voltage surge. The insulat¬ 
ing film rc-fomicd immediately with the passing of the surge. 

\ modern lightning arrester consists essentially of a gap and a resistor of 
special cliaT.ict eristic connected in scries lietween each line and ground. The 
gap breaks down anil parses cuncnt when the voltage reaches the critical 
voltage at which the arrester is designed to discharge, and at lowrer voltages 
prevents anv appreciable flow of curreut. The gap is designed to have a 
shorter breakdown time on impulses Ilian the apparatus it protects, so as to 
discharge a singe heroic it has time to damage the apparatus. The resistor 
has a resistance charactciistic roughly inversely proportional to the applied 
vnllage so that it discharges rapidly during a voltage surge and promptly seals 
off the cuncnt flow atter the surge has passed. The resistor has sufficient 
thermal capacity to absorb some energy from the incoming surge and thus 
reduce reflected voltages. 

In applying an arrester to a power system the breakdown voltage of the 
gap should be as low as possible to secure best protection of equipment, but 
the fiO-cyele reseal voltage musl be higher than the maximum fiO-cyclc voltage 
to avoid destruction of the arrester. Generally a single-phase arrester con¬ 
nected from line to ground on cadi phase of a 3-phuM 1 system will give sat¬ 
isfactory protection and will withstand the usual ftO-evde overvoltages if the 
reseal voltage of the arresters is equal to about 105% of the system line-to- 
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line rated voltage for an isolated neutral system, and alnm! 84% for a 
grounded-neutral system. Example: For a 115-kv system, a 121-kv (60- 
cycle rcseal) arrester generally is applied if the system neutral is isolated, 
and a 97-kv (60-cycle rcseal) arrester if the system neutral is grounded. 

Actual 60-cvde overvoltages on both isolated-neutral and grounded-neutriil 
systems vary considerably with system constants and methods of grounding. 
For important installations, therefore, the exported overvoltages should be 
calculated for the specific arrester location before specifying the arrester 
rating [8J. In cases in which important equipment is to be protected but 
in which unusually high 60-cycle overvoltages may be expected only on rare 
occasions, it is considered sound economy to apply an arrester that gives 
good protection against impulses, although at some risk of occasionally losing 
the arrester by almonnall.i high 60-cyrle voltage. 

Industry standard arrester characteristics are given in Section 28, Refs 
4 and 5. 

Arresters for rotating machine* are of special design. The arresters should 
be shunted by special stalion-tvpe capacitors to slope the incoming voltage 
surge unless the generator cables contain as- much capacitance as 0.25 micro¬ 
farad per phase. 

Arresters should be located as Hose as practicable to the equipment to be 
protected. In a transforming and switching station the arresters usuallv are 
connected to the circuit clo-e to the transformer terminals, since the tiaiis- 
fomior is usually the nio.st expensive apparatus in the station and is mod 
vulnerable. Often the arresters air mounted on the transformer ra*e. The 
ground terminal of each arrester should be connected to the transformer 
case and thoroughly grounded 

22. Grounding. The station grounding system perform* three clashes of 
service: (1) safeguarding of employee*, (2) protection of circuits and ap¬ 
paratus, and (3) operation of relays. In nil cases it is very important that a 
reliable, low-resistance, large-nnipore-caparity ground connection be instjdlcd. 
Much assistance in the proper location of grounds can be obtained lrom 
United States' Geologic and other *ml maps. Large buried bodies of steel or 
iron, such as penstocks, abandoned steel sheeting, and water mains, often 
form excellent grounds, bill in some case* apparently well-grounded objects 
and structures are found by lest to have a considerable resistance to ground. 
For instance, a copper plate thrown into the bed of a mountain *tn*am is 
often found to be surprisingly insulated from earth on account of the purity 
of the water and the rock formation below. It is, therefore, always necessary 
to select carefully the location of the grounds anil to test them thoroughly, not. 
only when they are installed but also iierindieally during their Hcrvicc. 

A copper-plate ground is made bv burying a plate of copper about 3 or 4 ft 
square sufficiently deep in the earth to lie in permanent moisture. Crushed 
coke or charcoal should be parked around the plate to a depth of about 2 ft 
above and 2 ft below, ,»nd the excavation diould be filled with soil mixed with 
common salt. The ground wire should consist of stranded copper and should 
be well spread out over the plate nud riveted and soldered. 
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The iron-pipe groujid is very easily inHtalled and very effective. Gal- 
varuzed-steel, 1- to 3-in. pipes, without joints, should be driven to permanent 
moisture. Suitable points and driving caps /ire available. The ground wire, 
which should consist of copper stranded cable, should lie connected to the pipe 
by suitable clamjis, or may be soldered by plugging the pijie about 12 in. 
below the top, inserting a loop of the cable, and filling with a solder consisting 
of 75% lead and 25% antimony, which will not contract as it cools. Pipe 
grounds should not be placed closer to each other than 6 ft. At least two pipes 
should be used for every installation, and many more are preferable. In some 
instances, it is advisable practically to surround the station with ground pipes. 
No rule can be given as to maximum resistance allowable, but each pijio under 
average conditions would t>e expecied to have a resistance of 10 to 25 ohms. 

Ground mats of stranded copper cables are very common for important 
stations. Numlier 4/0 or 500,000-cir-mil bam cables are placed in trenches to 
form a grid with meshes about 10 Ft square with all joints brazed. Where 
csjiecially high-resistance soil is encountered it is sometimes necessary to haul 
in low-resin In lire soil for backfill or to surround the conductors with coke and 
soil. The mats should bo located if possible where they will be permanently 
moist. 

Provision for testing the various mats from time to time should be made 
by using insulated cables for the terminal connect ions and carrying them 
through test boxes or handholes so that each mat may l»e disconnected and 
tested separately. Ground resistances of a inimlier of driven pijies or buried 
lii/iN may be measured directly bv the use of a .1. G. Biddle “Megger" or an 
ohnimeter. The procedures arc described in the instructions accompanying 
these instruments. The 3-point method by u-p of an ammeter, a voltmeter, 
and ail a-c source is described in Bureau of Standards Technological Paper 
JOS, ‘‘Ground Connections for Electrical Systems.*' The procedure is essen¬ 
tially as follows: 


1. Obtain a source of a-c supply at about 110 or 220 volts single-phase and reduce 
it by means of a two-winding transformer to such voltage as will give about 10 to 
50 ainiieres through two of the ground pijH'H in series. A two-winding transformer is 
essential to secure a tinting voltage that is positively ungrounded. 

2. Select a voltmeter and an ammeter of proper scales. 

3. Letter the ground pipes .1, B, C, A etc. 

4. With one side of the test circuit connected to A and the other through the 
ammeter to R, read ami>creH through *4 and B and voltage across A-B. The volts 
divided by the amperes gives the resistance in nhius, i? m, of pipes A and B. 

5. Repeat for pipin B and C obtaining and for pipes ( v and A obtaining Be A* 

0. Compute resistanocs of A, B, and C from equations: 


Resistance of A 


Ba 


Bab — Bbc 4- Be a 
2 ~ 


p Bbc - Bca + Bab 
Resistnme of R — Rb ™ -- ^ ‘ " 

, D Br\ — Bab + Bbc 

Resistance of ( — /rc ■*-«-* 
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7. Repeat entire proem with pipes B, C, and D, securing a check on Bu and Rc 
and new value ifo. By proceeding through all the pipes in this manner the last test 
should include A, giving a check on /?*■ 

Present practice is to connect all ground mats to the powerhouse and 
switching station grounding buses through the tost boxes mentioned in the 
previous paragraph. The overhead grounding systems of the transmission 
lines and the switching station and usually the bases of the nearest steel towers 
also are connected to the grounding buses. Lightning arrester grounds are now 
connected to the station ground bus, but it is good practice also to provide 
very low-resistance ground mats at the arresters to avoid excessive voltage 
rise on the ground bus during discharge. A grounded protective mat 4 to 6 in. 
below the walking surface of the switching station improves the protection 
of employees by reducing the potential gradient during lightning-arrester dis¬ 
charge and during heavy current flow from the overhead grounding system 
to ground. 

Items to >io grounded for the safeguarding of employees include: frames 
and eases of all generators, transformers, breakers, disconnects, motors, con¬ 
trollers, switchboards, instruments, relays, cabinets, cubicles, cable shielding 
and sheath-*, conduits, and all lioneurrent-carrying metal parts or all appara¬ 
tus. The grounding of generator and transformer neutrals for protection of 
the circuits and apparatus and for the operation of relays is discussed in 
Chapter 40, Section 17, Ref. 20. 

For further inform? it inn on grounding of power systems, see Pec. 28 of the- 
rlinpter, Refs. 0 and S. 

23. Auxiliary Power Supply. Although the maintenance of an uninter¬ 
rupted supply of auxiliary power i« not so important for a modern hydro¬ 
electric plant a* it i* for a steam plant, it nevertheless U considered good 
practice to provide several alternative sources. Purh sources ns the main 
generator leads, the generator bus, the low-voltage terminals of the step-up 
transformer, the transmission-voltage bus, an independent distribution circuit 
passing near the station, a house 1 generator on a main gcMierntor shaft, and a 
house generator driven by a small water wheel are among those commonly 
used. A source such ,*h the generator bus or the generator-transformer circuit 
where a generator 1ms is not used receives its supply from either the generator 
or the ijower system and is therefore more firm Ilian a single «onree. It is 
good practice to provide two duplicate, full-capacity transformers so that 
reasonable continuity can be expected even while switching main generators, 
transformers, and lines. An outside source indo|K*ndcnt of the station itself is 
convenient to maintain lighting, pumping, and gale operation in cast* the 
entire plant should bo shut down for maintenance or during filling season, or 
during light-load periods. 

An emergency source often i,s needed to oiieratc Rpilhvay gates, valves, and 
sump pumps, and to pmvid« lighting in ca^e of it major outage that might 
isolate the station from all normal electrical connections, Gasoline-electric 
generators frequently are used ar? stand-by sources for this purpose. The 



AUXILIARY POWER DISTRIBUTION 1023 

station storage battery also is used as an emergency supply for lighting, for 
essential lubricating pumps, and for certain importunt valve operations such 
os the closing of linstock valves. 

Paralleling of the various sources usually is avoided because of the heavy 
short-circuit stresses that would be involved and m some cases because of the 
circulating currents that would result. It is common practice to accept a 
momentary interruption when switching from one source to another rather 
than accept the current surges that might result from momentary paralleling. 

The amount of auxiliary ]K>wer usually required for motor-driven auxiliaries 
for lighting and for heating amounts to 0.5 to 39? of the station capacity. 
The power demand varies from 20 to 30% of the connected load. It i* com¬ 
mon practice to use 2200-volt, 3-phase service for motors larger than 100 lip; 
440-volt, 3-pliose for motors from 100 to 1 hji and for large healers; 220-volt 
single-phase for fractional-horsepower motors and small heaters; and 230-115- 
voll, single-phase for lighting. These, however, are not fixed rules. Often, 
for exiimple, a few motors considerably larger than 100 hp, if not too far from 
the source of supply, arc operated at 440 volts. Feeder-voltage regulators 
often are nmlcd where the auxiliary i>owcr supply is taken from the main 
power circuits. 

Items that should be considered in estimating the auxiliary power load in¬ 
clude: lock gates, valves, pumps, heaters; spillway gait's, sluice gates, gantry 
crams, trash racks, ire prevention; powerhouse cranes, draft-tube gate cranes, 
unloading cranes, derricks; exciters; governor oil pumps, lubricating oil pumps, 
Mini]) pumps, dewatering pumps, lire pumps, house service pumps; air com¬ 
pressors lubricating and insulating ml purification and pumping; generator 
and transformer cooling fans; battery charging; machine shop tools; heating, 
ventilating, and air conditioning. 

24. Auxiliary Power Distribution. A single-line wiring diagram of a 
1\picul auxiliary power distribution system in shown in Fig. 7, simplified for 
1 indent at ion. Two duplicate transformers constitute the normal supply. 
Each is connect'd to the low-voltage leads of a main step-up transformer bank 
and hence each has two sources’ one from the' power system, the other from 
a generator. A third, smnllei source consists of a transformer stepping down 
from a distribution line in the vicinity. A fourth, small source consists of a 
gasoline-driven generator in the station. Connections of this generator are 
such that it can be loaded by the air-conditioning system for periodic testing 
without synchronizing it to the auxiliary power system. The supply sources 
and the main feeders to centers of distribution all are controlled by a main 
auxiliary power switchboard. Distribution Iwmrds consist of a unit board 
for the auxiliaries of each generating unit, a common board for cranes, sump 
pumps, air compressors and other auxiliaries not associated with any indi¬ 
vidual generating unit, and various smaller distribution cabinet? and boards. 

Parallel operation of tlie two main supplies is prevented by interlocks and 
by double-throw ^vitehe* at destinations of main feeders. Every bus and 
every bus section is provided with two sources of supply. 



i« in two essentnllv dnphc ite section**, eillicr of which with its supply and 
feeder bleaker** cm be retired, leivmg Ihe ulhei section .ind all essential 
juxilinriet in operation The busier 1 londi/ing breaker is of wilhdiawal type 
and c in be withduwn tor inspection, lemng both bu** sertions m operation 
Each unit 1ms mix be retired win never it** generator is shut down Eithci 
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section of the common bus may be retired without shutting down essential 
auxiliaries. Each circuit from the various distribution centers may be isolated 
individually by its own disconnecting switch. 

25. Motors and Controllers. The 3-phase squirrel-cage induction motor, 
simplest of all motors, is applicable to a great majority of auxiliary drives. 
It 1ms no moving or sliding conneciions such us slip rings, commutators, and 
brushes, and it does not require any built-in starting devices such as ringle- 
phase motors require. By variations in rotor design, the starting torque at 
rated volluge can be varied from 50% 1o 300% of full-loud rated torque, and 
I he starting current at rated voltage can lie varied from 400% to 700% of 
full-load rated current. R]social torque and current characteristics, however, 
are obtained usually at the expense of low efficiency and low power factor. 
The general-purpose motor, designed for alwut 170% starting torque, 650% 
starting current, and 200% pull-out torque, hun good efficiency and power 
factor and is well adapted to moM of the station auxiliaries such as pumps, 
fan*, crane travel, gate hoist*. The rather high starting torque is not required 
hv pumps or fan* but can be accepted if the machines nro designed for iJ. 
The high starting current is not objectionable since most of the auxiliaries are 
comparatively close to the power source. These auxiliaries usually are started 
at full voltage, «o that the control equipment is simple and nigged. It usu¬ 
ally consists of a fused knife ^witrh for isolating the entire circuit and for 
^hort-circuit protection, and a magnetic contactor with thermal overload trips 
for starting and stopping and for niuning protection. 

The wmind-rntor or dip-ring induction motor is next to the squirrel-cage 
type in simplicity and Tuggcdnes<*. Bringing the rotor winding out through 
dip rings and hmdies permits the inserting of variable amounts of resistance 
in the rotor circuit while the motor is in operation. This not only permit 
(\ .ingiug thr torque characteristics over a wide range but also provides speed 
control and dissipates most of the accelerating and speed-control losses outside 
the motor. Sueli motor* are adaptable to accessories such a** hoists, derricks, 
winches, and transfer ears which require heavy acceleration, frequent starting, 
or variable speed. The control include.-* in addition to the primary control 
required for the squirrel-cage motor a secondary control which consists of a 
resistor ami a drum controller or set of magnetic contactors for inserting 
various amounts of resistance in the rotor circuit. The resistance steps can 
be designed to gi\e uniform step-* of speed either for a varying-torque load, 
such as a pump or fan or for a const ant-torque load sueli as a hoist. 

Synchronous motors arc justified in some cases to improve the power factor 
of the auxiliary power system, but in a hydroelectric station this is seldom 
necessary- With induction motors properly applied so that they operate at 
or near their rated load**, power-lartor correction usually is not required. 
When used, synchronous motors are applied principally to air compressors 
since they start easily when unloaded and since they ofieruteat constant speed. 
Tile higher cost, the more complicated control, and the need of exciters make 
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synchronous motors less desirable than induction motors, although in some 
ratings they arc more efficient. 

Direct-current motors of the series, shunt, or coiii]>ound type are used foT 
remote synchronizing, for emergency bearing lubricating pumps, penstock 
valves, and other small but important auxiliary services driven from the 
control battery. Fractional-horsepower motors usually are started at full 
voltage, and integral-horsepower motors are started generally by roMstunce 
starters. 

26. Lighting. The lighting load can Iks expected to include many of the 
following items, depending ujion the general type of development: dam in- 
siiection tunnels, roadways, spillway gates, sluice gates, intake gates; loek 
chamber, decks, control house, navigation liglils; powerhouse generating 
room, control room, electrical bay, service bay, turbine pith, public areas; 
switchyard wnlkmg area, oveihcad equipment; yard and grounds, roadways, 
parking areas; floodlighting of dam, spillway, powerhouse, and switchyard. 

It is good practice to provide two sources of power, such as two trans¬ 
formers from the auxiliary power bus, although it is not necessary that each 
be full-capacity since the lighting load usually can he curtailed temporarily 
in case of failure of a source. A voltage regulator usually is provided unless 
the source has voltage regulation. The rommniil} used 230-1 i.Vvnlt, 3-wiie, 
single-phase distribution system in usually adequate, although it is usual to run 
2300-volt or 440-volt, 3-phase circuits to large, distant load centers such as 
the switchyard and the dam. From the lighting switchboard 3-wire circuits 
are carried to the various distribution calmiets located near load centers. 
Switching is provided locally. Large areas such aH the generator room, the 
switchyard, roadway*, and floodlighted areas are controlled by coni actors in 
the distribution cabinets. Photoelectric switches often are used to control 
such outdoor lighting as switrhyards, dam roadways, and floodlighting. Low 
voltage, such as 32 volt**, often is used for convenience outlets in turbine pit* 
and near entrances to scroll ea-*es and draft tubes whore very damp condi¬ 
tions are encountered. 

Emergency lighting arranged to njicratc on the battery or other dependable 
bouire in ease of failure of the normal source should he provided for vital 
parts of the station such as control room, governors, auxiliary jxnver switch¬ 
boards, passages, and stairways. Whore the control batten* serve* as emer¬ 
gency source it usually is given sufficient capacity to supply the emergency 
lighting for at least an hour. Revet al wiring and switching schemes have 
}>een used, four common one* being illustrated in Fig. 8. Schemes A and B 
have the advantage that small lamps may generally be used for the emergency 
lighting, thus reducing the duty on the battery and charger. Schemes A and 
C have the advantage that no automatic throw-over is noodiHl. Schemes B 
and D have the advantage that the buttery charger can be smaller since the 
emergency lights normally bum on the normal source. Schemes C and D 
have the advantage th.il burn-outs of emergenry lanqiH are detected more 
easily localise llic einoigoucy lights are a juirt of the nonnal lighting system. 
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Condition*; often roguire combinations of Ihese schemes. For instance, Scheme 
D may be lined generally throughout the station and Scheme C may 1)0 used 
for a very few lights at the main control board whore they are so vital that 
it is felt that they should no* depend upon operation of the automatic throw- 
over frwitch. 


When a room contains both normal lights and emergency lights, it is wise 
to arrange the local switching so that the normal and emergency lights must 
lie switched on or off at the same time. When the normal lighting voltage is 
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Flo 8 Emoigcnry lighting schemes (A) Emergency lights in addition to nor¬ 
mal lighting, always connected to emergency snuicc Ui) Einergencv lights m 
addition to noininl lighting, automatically connected to emergency source when 
nonmil miuicc inis (C) Emergency lights a pm t of normal lighting, always con¬ 
nected to nncigencv snuicc (7)1 Einergencv lights a pait of normal lighting, 
automatically connected to emergency source when noimal source fails. 


115 volts anil the emergency voltage is 250 volt*-, obviously two kinds of lamps 
must be used or the emergency lamps must lie wired iu groups of two in series. 
The inmici generally moie practicable, and in this ease the sockets should 
be marked distinctly as a ]irecaution against inerting a 115-volt lamp in a 
250-volt socket. 

Estimates »T the wattage requiml for the illumination of variou® areas of a 
station can lie obtained fiom the relation: 


IT- 

ELD 


where W = aggregate wattage of lamps, watts; 

7 = illumination intciihity, loot-candles; 

A =■ area of floor, square feet; 

E = efficiency of utilization, depending on type of unit, sliape of room, 
and character of interior finish, percentage; 

L — lamp initial efficiency, lumens per watt; 

1) = depreciation factor. 
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In making very rough calculations for ordinary conditions, the constants of 
Table 13 and the Lamp data of Table 14 may be used. 


TABLE 13 

iLLUMlNATION DeHKJN DATA 



Illumina¬ 





tion 



Efficiency 


Intensity, 


Main¬ 

of Utilisa¬ 


foot- 

Type of 

tenance 

tion, 

Room 

candles 

Fixture 

Factor 

per cent 

Aisles, corridors, stairways 

5 

Glass 

0.70 

0.25 

Auxiliary twit cliboard i i toms 10 

Glass 

.70 

.30 

Batteiy rooms 

10 

V.P glass 

.70 

.30 

Bus mniiiM 

5 

Gloss 

.70 

.30 

Control retain 

25 

Indirect 

05 

.20 

Control switchboards * 

20 

Indirect 

.05 

.20 

Elevators 

10 

Cove 

.00 

.35 

Equipment rooms 

10 

Glass 

.70 

.30 

First-aid room 

40 

Indirect 

.05 

.35 

Gas engine room 

10 

V.P. steel 

.70 

.40 

Generator room f 

15 

Higlihav 

.70 

.50 

Intake and spillway deck 

1 

Handrail 

.(XI 

.20 

Laboratory 

40 

(ilass 

.70 

.30 

Locker room 

10 

Glass 

70 

.20 

Machine shop 

;to 

Glass-sl eel 

.70 

.10 

Molor-gcnei a 1 or roo i n 

10 

Glass 

70 

JO 

Offices, average 

20 

Indirect 

.05 

25 

close work 

40 

Indirect 

.05 

25 

drafting 

50 

Imliicct 

.0o 

25 

Oil purification room 

20 

V.P. steel 

.70 

35 

Oil storage 

5 

V.P. steel 

.70 

25 

Reception room % 

10 

I ml licet 

.05 

20 

Storage rooms 

10 

Steel 

.70 

JO 

Storage yard 

1 

Steel 

.05 

20 

Switchyard, walking aica 

2 

Glass 

.05 

.w> 

switching structure 

5 

Glass 

.(X) 

.35 

Toilet rooms 

10 

Glass 

.70 

.35 

Transiormer rooms 

10 

Glass 

.70 

.30 


* Measured perpendicularly to tlu* panda. 

t Intensified hv lights on mine duting maintenance. 

X Displays intensified locally. 

27. Communication Systems. Every hydro plant should hn\c telephone 
comimiiiictilirm facilities with other plants on the same power system and with 
the system load dispatcher. All but the smaller plants also require an inter¬ 
communication system between various parts of the plant and between the 
plant and the headworkb 

For communications between plants and with the load dispatcher, four chan¬ 
nel** are common: wire line leased from the local telephone company, wire 
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TABLE 14 
^tandahi) Lamp Data 


Watts 

Bulb 

Base 

Volts 

25 

A-19 

M 

115 

25 

A-19 

M 

230 

to 

A-19 

M 

115 

50 

A-19 

M 

115 

50 

A-19 

M 

230 

00 

A-19 

M 

115 

75 

A-21 

M 

115 

100 

A-21 

M 

115 

100 

A-23 

M 

115 

100 

A-23 

M 

230 

150 

1*8-25 

M 

115 

200 

PS-30 

M 

115 

200 

1*8-30 

M 

115 

200 

1*8-30 

M 

230 

300 

P8-35 

M 

115 

300 

PS-35 

8, (1 

115 

300 

PS-35 

8 

230 

300 

PS-35 

(1 

230 

500 

PS-40 

(1 

115 

500 

PS-40 

Cl 

230 

750 

1*8-52 

<1 

115 

750 

PS-52 

Cl 

230 

1000 

PS-52 

(\ 

115 

1000 

1*8-52 

(1 

230 

1500 

PS-52 

(i 

J15 

1500 

PS-52 

c; 

230 


I Ascription 

Bated 

llouis 

Initial 
Lumens 
per Watt 

F 

1000 

10.4 

V 

1000 

8.0 

F 

1000 

11.0 

F 

1000 

13.2 

F 

1000 

9 5 

F, B 

1000 

13 9 

F, C 

750 

14.9 

F, C 

750 

10 2 

B 

750 

10 2 

F 

1000 

12.1 

F, CJ, B 

750 

17 3 

F, C 

750 

18.2 

B 

1000 

18.2 

F, C 

1000 

11 7 

F, C 

750 

19 5 

F, C 1 , B 

1000 

18 8 

C 

1000 

10 2 

F, C 

1000 

10.2 

F, C\ » 

1000 

19 7 

F, V 

1000 

17 6 

F, (\ B 

1000 

19.9 

F, C 

1000 

18 1 

F, (\ B 

1000 

21 0 

F, C 

1000 

19 1 

F, C 

1000 

22.3 

C 

1000 

19.0 


A-10 -= hh't|H* V, diameter 
F iii^wlr trosted 
B * silver howl 
(* = (lear 

PS-25 ® shape PS, diainetei in. 


line owned by the power company, carrier current on the transmission con¬ 
ductors (power-line earner), and carrier current on the telephone wire line 
(wire-line carrier). Many lurae systems employ several of these channels to 
meet various situations. A telephone turret or compact switchboard usually 
in provided on the control-room operator’s desk for manually switching all 
outside call*. 

For intercommunications within and near the plant, a small magneto or 
push-button system is often adequate for a small plant. A large plant usually 
requires either a manual or an automatic battery-operated exchange. The 
automatic usually is preferred so that most of the calls can be dialed directly 
from phone to phone without requiring the attention of the control-room 
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operator or necessitating a separate operator. The interphone system may 
lie equipped with such special services os dispatching circuits, lines to the local 
telephone company's exchange, code call, executive right-of-way, and con¬ 
ference. 

The telephone equipment room should be planned carefully. For auto¬ 
matic equipment, the delicate contacts should be protected from dust by pro¬ 
viding linoleum or other du^tproof floor covering, painted walls, and air filters 
in the ventilating system. Paint for the telephone room should not contain 
turpentine, because turpentine fumes are known to cause a nonconducting 
glaze on relay contacts. 

Hand sets about the station have the advantage that vibration in building 
walls arc not transmitted. Jacks and port able jihonc's arc list'd in Mich loca¬ 
tions as tunnels, hoist wells, and scroll case entrances, where only periodic use 
is indicated. Weatherproof phones with moisturoproof wiring and weather- 
tight cases are necessary for damp locations. For noisy locations, noiseproof 
transmitter*! or soundproof booths arc available. 

Radio also is used lij power systems for automatically transmitting rainfall 
anil stream-flow reports from remote points on the watershed to the central 
office. Manually operated radio equipment also is used to some extent for 
reporting and suppressing forest tin's and for communication with line crews. 
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TRANSMISSION LINES 

By Raymond A. Hoph'iis * and Harry O. TVebcr + 

1. Transmission Lines. Tlic hydroelectric generatini? station is usually 
located at a considerable distance 1 from llie distribution system into which it 
feeds; hence the connecting transmission linos arc of great economic impor¬ 
tance. Unlike the usual si earn plant which radiates its energy over a number 
of comparatively small feeders, the hydroelectric plant usually deliver.* its 
entire output over two or threp heavy transmission line-,. The cost and ]>er- 
formanco of the lines therefore have an important bearing on the cost of 
energy delivered at the load center. 

2. Right-of-way. The pro]>cr location of the right-of-way over which a 
transmission line is ro lie constructed is an economic problem of great impor¬ 
tance. Careful reconnaissance work is needed to determine the best location. 
In flat and rolling country, aerial observation and photographic mapping are 
now used to advantage. Fn lough country, an aerial survey is of somewhat 
less value, although it inav aid in the selection of the most direct route and 
in souring the neces^irv information for the purchasing of right-of-way. Ac¬ 
cessibility for delivery of materials anil for patrolling is a controlling factor. 
The detailed survey following the reconnaissance should locate lakes, swamps, 
hilK, I owns, railroads, power and communication lines, and legal property 
lines. Profile's should be run for determining tower locations and heights to 
give the necessary clearance of the cables above the ground. The maps and 
piufile-i should show probable tower locations as selected by the field party. 

The right-of-way for an important transmission hnc is sometimes owned 
by the power company, although in some case* the power company may pref¬ 
erably accept easements over certain parcels of privately owned property. 
The width of the right-of-way is determined by the ultimate number of circuits 
that mav be run. It is desirable to place parallel tower lines so far aprfrt 
that a falling tower of one line will not strike the other line. The edge of the 
right-of-way should be at a safe clearance distance, roughly 2 in. per 1000 
volts, lieyond the extreme side-swing position of the center of the span. The 
right-of-way should be cleared of trees, and it may be advisable to cut trees 
on adjacent property to prevent the possibility of their falling on the lines. 

* Head Elect rind Engineer, Tennessee Valley Authority, Knoxville, Tenn. 

tStructural Design Engineer, Tennessee Valley Authority, Ghaltanooga, Tenn 
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3. Frequency and Phase. The f requeue y of the transmission line is gen¬ 
erally determined by the frequency of the flower system Willi which the line 
will l>e connected, as this consideration usually outweighs the various slight 
advantages of oue frequency over another (see Chapter 40, Section 7). 

Three-phase transmission is practically standard for all important lines. 
Distribution lines are sometimes single-phase, 2-pLuise, or direct-current, as 
governed by local conditions; but the tendency, for such lines, also, is toward 
the uniform use of the 3-phase system. The principal advantage* of the 
3-phase system are high copper economy and small number of conductors. 
(See Chapter 40, Section 8.) 

4. Number and Arrangement of Circuits. For maximum reliability 
it is desirable to divide the transmission system into at least two parallel cir¬ 
cuits, each of such capacity that one may be letired for inspection and main¬ 
tenance without curtailing the delivery of energy. Where a large block of 
power is transmitted a long distance, it becomes quite necessary to use more 
than one circuit in order to avoid excessive reactance drop. 

A separate pole line or tower line is preferable for each circuit, in order to 
provide greater safely for the maintenance men ami a No to prevent tremble 
on one circuit from affecting the other. The latter consideration may, in 
extreme ca>es, justify routes sufficiently separated to prevent having both 
lines in the same storm area. Where more than two eiremts are used, double- 
rirruil towers are often considered satisfactory and are less expensive than 
twice the number of single-circuit towers. 

Oearanees over highways, railroads, and other wires arc sfiecified in the 
rules of the National Safety Code. The lower the towers the more reliable 
will be the line from the standpoint both of mechanical strength ami of free¬ 
dom from lightning strokes. 

The configuration of the wires is generally triangular, flat-vertical, or flat- 
horizontal. The triangular configuration is adapted to the lower and mod¬ 
erately high voltages, particularly where the conductors arc supported bv 
pin-type insulators. It min be symmetrical, that is, with equal spacing* be¬ 
tween conductors, or niisyininctriral. The flat-vertical configuration is 
adapted to two-cimiit towers for high voltages. The middle conductor is 
usually offset from the plane of the other two by a distance of about one third 
tile spacing, to reduce the possibility of trouble from sleet and snow. The 
flat-horizontal configuration N adapted to single-circuit towers Tor high volt¬ 
ages. On very long lines it is sometimes advantageous to transpose at least 
twice, for the purpose of balancing the reactance and cujmcity equally among 
the three conductors and lielwecn the conductors and ground. 

Spacing between conductors cannot be determined by any fixed rule. It 
should l>e roughly proportional to the voltage but also depend* upon the 
configuration, type of insulator, length of span, conditions of loading, and 
local regulation*. A larger spacing is usually required horizontally than vor- 
ticallv. Larger horizontal spacing is required for suspension insulators than 
for pin insulators. 
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Ground conductors are often used on steel tower lines as a means of pro¬ 
tecting the power conductors from lightning. The ground conductor should 
be of high-strength steel and should be either galvanized or copper-covered. 
The connections at the towers should l>e firm nnd so arranged as to avoid 
wear from the swinging of the conductor [O']. 

5. Insulators. The conductors must be attached to the supporting struc¬ 
tures by means of insulators designs! to withstand safely the mechanical stress 
and electric potential. Insulators are usunlly made of vitrified, glazed ]>orce- 
lain. Glass has also been used to a limited extent for high-voltage lines and 
quite generally for low-vollago distribution lines and for telephone lineH. The 
two general tyjies of insulators are pin-type and suspension-type. 



Fin. 1 . Typical pin insulator. (Locke Insulator Onrp ) 

The pin insulator is intended for mounting on a wood or steel pin and is 
provided with a groove at the top for attaching the conductor. As it is not 
practical, from the manufacturing standpoint, to make porcelain of greater 
(hicknoHs than about % in., and as this thickness is not suitable for a voltage 
of more than 10,(KK) to 15,000 volts, the high-voltage insulator is made by 
assembling seveial concentric ‘-hells as shewn in Fig. 1. The shells are ce¬ 
mented together with Portland cement, the surfaces in contact with the cement 
1icing sanded before firing, to give a strong bond. Objectives sought in the 
design of the pin iiMilator include maximum leakage distance with minimum 
leakage aica, greater flnshover 'voltage than puncture vollage, avoidance of 
corona formation, maximum mechanical strength, and endurance of extreme 
and sudden temperature changes and weather conditions. Although the pin 
insulator is made for voltages as high as 88,000 volts, it i« usually more eco¬ 
nomical to iw the Mr-jKMiHion type for voltages above 00,000 volts. 

Insulator pins for voltages of 15,000 volts nnd less are commonly made of 
wood, such as locust, oak, birch, maple, hickory, and eucalyptus. Wood pins 
are usually treated with paraffin, oil, or creosote. For higher voltages, a 
Hteel pin is generally required on account of the mechanical strength necessary. 
To secure a tight fit between the steel pin und the porcelain insulator without 
excessive pressure at spots, various devices have been used, as threading and 
splitting the pin top, providing a wire spring thread, providing a threaded 
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wood or lend top, cementing into the insulator, or providing a separate metal 
thimble which is cemented into the insulator at the factory and threuded on to 
the pin in the field. The metal tliimble now is almost universally used for 
voltages of 23 kv and over. It insures a tight fit and avoids corona discharge 
in the pinhole. 

Suspension insulators are generally shaped like disks and are intended for 
connecting together in strings to suspend the conductor (see Figs. 2 and 3). 



Fin. 2. Typical suspension insulator. (Locke Insulator CJorp.) 

A string nia> lie used either vertically, as for an intermediate support, or 
nearly horizontally, as in a dead-end or strain support. Where great mechan¬ 
ical strength i.s required or where greater safely i* desired a group may lie 
formed by arranging tevcral strings in parallel, care being taken to distribute 
the load equally among the various strings by means of equalizing bars at the 
ends. The distribution of the volt ago stress among llie various units of a 
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Fin. 3. Plovis-typo and socket-typo suspension insulators. (Locke Insulator 

Corp.) 

string of su.s]xnisiui) insulators is not at all uniform. The end unitw receive 
more potential than the intermediate units, and the conductor end receives 
more than the support end. This is caused by a distortion of the electrostatic 
field as influenced by the '•undenser action of the metal hardware between 
units. For high potentials Ibis phenomenon is of serious importance, as the 
unit next to the conductor may receive n potential exceeding its rating. A 



CORONA icra 
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elec tin il f iilure and medium il failuie gcneialU occur at lower \ lines undei 
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to the Rtindirds ol the Amem in Institute of > lectin il Finn news 
8. Corona Coron l i l the lire iking down oi the ur i« n cheleetne near 
the siufice cd n conductor when the potenti il gi iclicnt exceeds a certun cnti- 
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cal value. The phenomenon is accompanied by a bluish light and a hissing 
sound. It is often manifest in electrical machinery and in station wiring unless 
precautions arc taken to guard against it. On high-voltage transmission lines 
it often becomes u factor in limiting the diameter of conductor or some other 
feature of design, as the power loss increases very rapidly with increase in 
voltage above the critical value Very extensive experimentation by F. W. 
Peek, Jr., and others has resulted in the empirical formulas given below, which 
define both the critical voltage and the value of power loss. 

The disruptive critical voltage is the \ oil age at which corona becomes 
apparent. During fog, rain, sleet, or snow, the critical voltage is from 10 to 
20% lower than in fair weather. The critical voltage and power loss for the 
conductors of a transmission line under conditions of fair weather are: 


„ *** >1 f 2D \ 

p ‘ 0039 25X41 


in 

121 


where A’n = disruptive critical voltage, in effective kilovolts lie tween conductors; 
b = barometric pressure in inches of mercury at 32 degrees Fahrenheit 
corresponding to the altitude (30.00 at sea level, 28.86 at 1000 ft, 
27.77 at 2000 ft, 20.75 at 3000 ft, 25.70 at 4000 ft, 24.78 at 5000 ft, 
23.85 at 6000 ft, 22.08 ut 70(H) ft, 22.12 at 8000 ft, 21.28 at 0000 ft, 
20.50 at 10,000 ft); 

t = temperature of air, in degrees Fahrenheit; 
m = irregularity factor of conductor surface (1.0 for polished wire, 
0.98 to 0.93 for weathered wire, 0..S7 to 0.83 for stranded cable) ; 
d = diameter of conductor, in inches; 

D = distance lietween centers of conductors, in inches (for irregular 
spacing a, 6, c, /) = y/abc) ; 

V = power loss per mile of line, in kilowatts; 

/ = frequency, in cycles per second; 

K = oi>erating voltage, in effective kilovolts lietween conductors. 

7, Voltage and Conductor Size. The choice of voltage and conductor 
bize, though usually modified by such local considerations as voltage regulation 
and connecting lines, nevertheless hms fundamentally upon pure economics 
as expressed by Kelvin's law. As the voltage increases, the poucr loss de¬ 
creases, and the cost of terminal equipment increases. As the conductor size' 
increases, the power loss decrease's, but the cost of conductor increases. 
There is therefore an economical \ oil age ind conductor size 1 far which the 
total annual cost is the minimum. 

Professors F. K. Kirdcn and E. A. Locw, in University of Washington Ex¬ 
perimental Station Buii n 32, have presented a simple method of arriving 
simultaneously at the economical voltage -ind conductor size by making use 
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of the relation between voltage and conductor rize as given in Mr. Pock’s 
law of corona, on the assumption that a prnirerly designed line will operate 
at just a safe margin below the corona voltage. Through the courtesy of the 
authors, a brief outline of this method is present ed below, with some slight 
modifications consisting principally of expressing the conductor size in terms 
of area instead of diameter. The method is also extended to take account 
of various kinds of conductors, such as solid, stranded, stcel-reinforccd, rojrc- 
corc, and hollow; various conductor spacings; and various substation layouts. 
The notations and equations wi.h explanatory notes, are os follows: 

Notation 

root-mean-square value of power delivered by the line, in kilowatts. 
This must lie determined from an exhaustive study of river flow 
and load-deinand conditions. It is the rin« ordinate of the average 
daily load curve. 

average power factor at the load end, expressed as a decimal, 
voltage between wires at Loud end, in kilovolts. 

P 

non equivalent single-phase current in nirqx'rcs = —- 

pA 

disruptive critical corona voltage, in kilovolts lx»tween wires, 
length of line, in miles. 

cross-sectional area of conducting matcnul of conductor, in circular 
mils. 

spiraling factor of conductor, as follows: 

Solid conductor 1.00 

Stranded ronductot 1.02 

« = htranding factor or ratio of over-all diameter of conductor to diam¬ 
eter of equivalent solid conductor as follows: 

Solid conductor 1.00 

Standard stranded condurtoi 1.15* 

Stcxd-rcintorced stranded conductor 1.23* 

Ropc-coio stranded conductor 1.35 * 

Hollow stranded conductor 1.35* 

p = resistivity of conductor material, in ohms \mr mil-fool as follows: 

25° G 65° U 

1 lard-drawn copper, 97.3 r / ( 10.87 12.54 

llaid-drawn aluminum, G1 % 17.33 19.90 

e m energy cost, in dollars per kilowatt-hour at receiving end of line. 
c = conductor cost, in dollars per mil-foot of conducting material. The 
following figures are fair estimates: 

* These values depend on the design of the cable but are sufficiently accurate for 
(his purpose. 


P = 

p - 

K - 

7 = 

No — 
/ - 
a = 

aS' = 
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Solid popper 
Stranded coppri 
Stnuided aluminum 
S1<(Liemlniu.d aluminum 
Ropo-<oiP copper 
Hollow cop(K i 


45 4 X 10 8 
52 2 X 10 B 
28 0 X 10 8 
30 1 X 10 8 
55 4 X 10" 8 
59 0 X 10 8 


' rate ol mteiest nod other lived charges, expressed as a deeiiiml 
1 constant detennined from tin* lelalion Iwtswn line voltage and cost 
of tomunal oquipnient, as expiesspd b> tlie equal ion 

Cost - A. i f hh- 
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relation between voltage and conductor size to allow a safe margin 
below the corona voltage. The curves are obtained from the equation 

U = —= — 0.0Q25&* lo Rl „ 

Va v 8 Vi a ' 

which iH derived from the corona equation, 1, by the following 
substitutions: 

K = o.xr>tf 0 
t - 77° F. 
in =* 0.S5 
d = 10“* h\/ a 

To use Fig. /), select the average altitude of the line, move upward 
on the figure to intersection with curve representing desired relation 
between D and E, thence horizontally to intersection with curve s 
corres|>onding to ty]>e of conductor, thence upward to scale of U . 

F, G, H = mnstants as defined by the three cost equations given lielow: 

L\ = annual cost, in dollars, of energy wasted in resistance of conductors. 
U = annual fixed charge, in dollars, on conductors, cliargeable to their 
size. 

— annual fixed charge, in dollars, on terminal equipment, chargeable 
to line voltage. 

Thi T/ircf Cmt Equations 

Li * resistance x eurrenl 2 X hours X energy cost 

= amp# 1 x i- ' s7«t ^fio 1 

a 

p 

= (4iV2MpSIr) — 



u 


L 2 = quantity X roniluctor roht X rate 
= SZHKHu X 3r X r 

- (l.W 40 frr;« 

= (la 

Li = constant X voltnuo* X rate 
-= ItxPXr 

- (ATV)* 

= Hil 
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U 



a 


a » 


«* 


Statement of Kelvin'a Law 

Lt + Lt 
Ga + Ha 

*g + h 

E*I* _F_ 

ip x g + h 


A r~J>2 F 

a — + Sr** X ~jz ~t ”, z = economical conductor 
\ p 2 (/* (7 + 7/ 

K - Uy/a = economical voltage 


size 


[3J 

[4] 


Mechanical consideration* also affecting choice of conductor, Mich as weight 
and strength of conductor, number and cost of towers and foundations, and 
number and cost of insulators, are discussed in Section 15. 

8. Fundamental and Derived Constants. The fundamental constants of 
a transmission line are its resistance, reactance, impedance, conductance, *us- 
ceptance, and admittance. The con>tants are independent of voltage, cur¬ 
rent, and power factor, and are determined largely by the material, size, and 
spacing of the conductors Many tables are available, giving the value* of 
these constants, of which tlio-e contained in Electrical Characteristics of 
Transmission Circuits, by William Xesbit, are especially convenient f41. The 
following paragraphs further define the constants and give equations from 
which they may lie computed if desired. 

Resistance, R, is expressed in olnns of one conductor and is determined 
from the equation: 

R = 5.2HpS 10* [5| 


where p =■ resistivity of the conducting material of the conductor in ohms per 
mil-foot, im follows: 

25° C 65° C 

Hard-drawn copper 97.3 ,r Ji remind ivily »0 87 12.54 

llard-drawn aluminum 01 * i conduct!vitv 17.33 1U.99 

S = spiraling factor ah follows: 


Solid conductor 1.00 

Stranded conductor 1.02 


1 = length of line, u miles; 

a * cross-sectional urea of conducting material of conductor, in circular 
mils. 
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The resistance voltage m in phase with the current and is equal to the produet 
of the resistance and the current. 

Reactance, X , is expressed in ohms of one conductor and is determined from 
the equation: 

x - 2*fl [ 8.05 + 74.1 log,o (~) ] 10"* |6] 

where t * 3.1416; 

/ = frequency, in cycles per second; 
l = length of line, in miles; 

D = H|MU*ing of conductors, in inches (for irregular sjwwing a, b, c, 
D = -■/ " 

8 = stranding factor or ratio of over-all diameter of cable to diameter 
of equivalent solid conductor, as follows' 


Solid conductor ] .00 

Standard stranded conductor 1.15 * 

Htccl-reinlurccd stranded conductor 1.23 * 

Rope-core Htrandcd conductor 1.35 * 

Hollow stranded conductor 1.35 * 


d = over-all diameter of conductor, in inches. 

The reactance voltage is in leading quadrature with the current and is 
equal to the product of (he reaciunce and the current. 

Impedance, Z, \> expressed in olmis of one conductor and is determined 
from the equations: 

z = r + jx 

,_ [7] 

2 = Vtt 2 + A' 2 

The impedance voltage leads the current and ih equal to the product of the 
impedance and the current. 

Conductance. Cl, is expressed in mhos of one conductor and is determined 
from the leakage of current from conductor to conductor, either through the 
air or over the surfaces of insulators. Where the conductors are properly 
separated and insulated the conductance is so small at the commercud fre¬ 
quencies and lengths of power lines that it is generally considered that: 

G = 0 [8] 


The conductance current, if it were appreciable, would be in phase with the 
voltage and equal to the product of the conductance and the voltage. 

8lusceptarice, B t is expressed in mhos of one conductor and is determined 
from the equation: 

3.88 


B 



[01 


* These values are approximate. Exact values depend on the design of Ihc cable. 
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where t — 3.1410; 

/ * frequency, in cycles per second ; 
l = length of line, in miles; 

D * spacing of conductors, in inches (for irregular spacing a, 6, c, 
D - v^); 

d » over-all diameter of conductor, in inches. 


The Huscpptance current, commonly called the charging current, is in lead- 
ing quadrature with the writ age and is equal to the product of the susceptance 
and the voltage. 

Admittance , V, is expressed in mhos of one conductor and is determined 
from the equation: 

Y=G+jB 

V /- 1101 

y = V<p + h\ 


The admittance current leads the \ ullage and is equal to the product of 
the admittance and the voltage. 

The derived const ant'-, A , if, and f\ are obtained from the fundamental 
constants by means ot the following equations: 


A = ai + ja 7 
B = bi + jbi 

P = Ci + JCi 


/ yz r*z* rw r*z* s 

V 1 + 2 + 24 + 720 + 40320 + ' 

/ YZ Y*Z * Y'Z' Y*Z* 

Zy + 6 + 120 + 5040 + 302S80 + ' 
/ YZ Y'Z* Y’Z* Y*Z* 

• l 1 + 6 120 + 5040 + 302R80 + ' 
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These constants take into account the fact that the fundamental const ants 
are actually distributed along the entire length of the line. They are u-ed in 
the exact performance equations given in later paragraphs. Any degree of 
accuracy rail be obtained by using a sufficient number of terms of the series. 
It is rarely necessary, liowe\er, to use more than three terms. 

In the solution of a single-phase or a polypha^ eirruit, it is assumed that 
the circuit is sjuimetrical about its neutral, and, therefore, the solution of one 
leg of the circuit determines the performance of the entire eireuil. Therefore, 
the constants /?, X, G t and B are always given for one wire only and are used 
as one-wire values in all equations. The kva, voltage, and current may be 
expressed in terms of one leg .also, and the result will then lie in tonus of one 
leg. If preferred, however, the I-wirc constants can be inhI with kva, volt¬ 
age, and current cxpnsspd in terms of the entire circuit, mid the results will 
then be in terms of the entire circuit. This latter method is preferred by many 
engineers. The two methods are fully defined in the following tabulation: 
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■ Method 1 . In Terms of One Leg 

K — volt-amperes per conductor 

— volt-amperes of entire circuit divided by 

2 for a 2-wire, single-phase circuit 

3 for a 3-wire, 3-phase circuit 

4 for a 4-wire, 2-phase circuit; 

E — volts from conduclor to neutral 

— volts between conductors divided by 

2 for a 2-wire, single-phase circuit 

3 lor a 3-wire, 3 phase circuit 

2 lor a 4-win 1 , 2-pliaso circuit; 

1 « amperes jmt conduclor; 

K - EL 

Method In Terms of Entire Circuit 

K — volt-amperes of the entire circuit; 

E <- volts betwmi conductors; 

I -* amperes of the entire circuit 

«= amperes [>er conductor multiplied by 

1 for a 2-wire, single-phase circuit 
\/3 for a 3-™ ire, 3-phase circuit 

2 for a 4-wire, 2-phase circuit; 

K — EL 

Conditions of power, voltage, and current are usually fixed at the receiving 
end hy requirement of the load, and then computation is made to determine 
corresponding conditions at the sending end. Occasionally, however, condi¬ 
tions arc fixed at the generating end and computations must be made to 
obtain the corresponding conditions at the receiving end. 

9. Approximate Performance Equations. The performance of a short 
line, particularly when operated at low frequency, may lie determined hy 
approximate equations which neglect the distributed nature of the constants 
and ignore I he Misceptanee. The derived constants are not needed for this 
solution. The error is of the order of: 


0.1 r f tor a 1200 cyrle-mi line 
0.5 r ’I for a 3100 cyclo-mi line 
1.0% for a 4200 ryclo-mi line 

Thus, with an error not exceeding 0.5%, the approximate solution may be 
used for a 00-cycle, 52-nu line, or for a 25-cycle, 124-mi line. 

The equivalent circuit of a short line may lie represented as in Fig. 6. The 
current and voltage vector diagram for thr ease of lagging power factor at 



^Neutral 

Fio. 6. Sliml line—equivalent circuit. 
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Fig 7. Short line—vector diagram. 


both ends of the* line i* shown in Fie. 7. The figures represent one leg of the 
circuit, the imaginary neutral ha vine zero resistance and reactance. The nota¬ 
tion and equation* are os follows: 


Notation 

R — resistance! ^ ui( j iuneH ^j constants as defined in Section S; 

X = reactance J 

P = power of entire circuit in watts; 

Q — reactive volt-amperes of entire circuit (inisitive for leading power 
factor and negative for lagging ]lower factor); 

K = P + jQ = volt-amjiereH of entire circuit; 

PF = power factor; 

0 = cos " l PF; sin 6 is positive when PF is lagging and negative when 
PF is leading; 

E = voltage lietween conductors, in volts; 

T = current of entire circuit, in amperes; 

r and * used as suliscripts refer to receiving end and Heading eud respec¬ 
tively. 


Aquations for Fired Condition a at Receiving End 

P r = Kr OOS0, “ E,I COH0, 

E. - V(E, coh0,'+ Tiiy ’ (K T »\ne r + lX)‘ i 

1 . = Ir - / 


PF, = COW 0a 


E r «w 0, + IR 
~E. 


P, = R.J mw(9, = E,I c-oh 0, + PR 


[ 12 ] 


P. 

Er 

I, 

PF, 

Pr 


Equation * far Fixed Conditions at Sending End 
K, mw 6, »» £',/ cos 6, 

V (E, ww T. - Try + (u.rin e. - ixy 


I. = I 

COS Or = 

EJ cos & T =“ EJ cor B, — PR 


E, cor B, IR 

cos B, =* - =-- 

E r 


[13| 
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The use of the above equations is illustrated by the following typical short¬ 
line problem: 

A transmission line 40 mi long consists of 3 conductors of No. 1/0 B. & S. f 
106,000 cir mils, hard-drawn stranded copier, over-fill diameter 0.373 in., 
arranged at the vertices of n triangle with sides 80, 85, and 90 in., respec¬ 
tively. Determine the line performance with a frequency of 60 cycles per 
second and with fixed conditions of 15,000 kw, 80% lagging power factor, 
66,000 volts (a) at the receiving end, and (5) at the sending end. 

The line constants are computed from Eqn. 5 and 6 a h follows: 

R = 5.28 X 10.87 X 1.02 ) 10* 

V 100,000/ 

- 22.1 

X = 2 X 3.1410 X 00 X 40 [s.05 + 74.1 log 10 (—10 -• 
= 31.6 

(a) Performance with fixed conditions at the receiving end is computed from 
Eq. 12 as follows: 

P r = 15,000,000 
coh 0, = 0.S; sin0 = 0.6 

E r “ 66,000 

15,000,000 = 

0.8 X 00,000 __ 

E, = VTOO.OOO X 0.8 + 284 X 22.1) 2 + (06.000 X 0.0 + 284 X 31.6)* 
= 70.482 

„ (00,000 X 0.8) + (284 X 22.1) 

= ~ - 70.182- 

= 0.772 

P. = 70,4X2 X 284 X 0.772 

- 10,708,500 

(ft) Performance with lived conditions at the sending mnl is computed from 
Eq. 13 os follows: 

P„ =■ 15,000,000 
coH0 g — 0.8; sin0« = 0.6 
E . = 66,000 
r __ ^15^000,000 

1 0.8 X 06,000 _„ 

E r = VWKM) X 0.8 - 284 X 22.1) 2 + (66,000 X 0.6 - 284 X 31.6) 
= 55,699 

(66,000 X 0-8) - ( 284 X 22.1) 
rw0 ' ~ " 55,099 

» 0.835 

P, a 55,099 X 284 X 0.835 

- 13,208,500 
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The calculation should be chocked graphicaUy by a simple diagram, as 
shown in Fig. 7. It should be remembered that, for fixed conditions at the 
sending end, the vectors IR and IX must be drawn backward, that is, 180 
degrees from the positions shown in the figure, as their signs arc negativo in 
Eq. 13. For other method* of calculation see Chapter 40, Section 17, Ref. 20. 

10. Exact Performance Equations. The performance of long transmis¬ 
sion lines, particularly when operated at 00 cycles per second, enn be deter¬ 
mined accurately only by the use of exact equations which take into nceount 
the distributed nature of the constants, including su&ceptance. The derived 


4- 


R _X_ R X R _X_ X _R,jr. 




rtmrv 


|VWV 




c 




'-Nzuiral 

Fio. 8. Lour line—equivalent circuit. 


constants arc required for this solution. The limit" of length and frequency 
beyond which the exact methods are needed to .Ttuid e\cev*i\c enor are 
given in Section ft. 



The equivalent circuit of a long line mav lie leproseutcd as in Fig. 8. The 
voltage and current vcctoi diagram for the cum* of lagging power factor at 
both ends of the line is shown in Iig. 0. The notation and equations are at. 
follows: 


Notation 

R = resistance 

(7 * conductance *' UI1( k inu * 1| kd constants as defined in Section 8; 

B = susceptancc J 
A = ai + jn s 

B = b\ + jh% Deri veil constants a* defined in Sectiou 8; 
ci + jipa 
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P — power of entire circuit, in watta; 

Q = reactive volt-amperes (positive for leading power factor and nega¬ 
tive for tagging power factor); 

K *= P + jQ * volt-amixires of entire circuit; 

PF »= power factor; 

0 = cos -1 PF; 

ei — in-phase component of voltage; 

ej - quadrature component ot voltage; 

E = e i + jet = voltage between conductors in volts. (As Et is choRen 
as reference vector, Cri = E r and Crt = 0. e B 2 is positive when 
E 9 loads E r and negative when E t higs E r ); 

ii = in-phase component of current; 

it = quadrature coni]xment of current; 

/ = ii + jit = current of entire circuit in amperes (tV* is positive when 
T r leads E, and negative when /, tags E r . in positive when 1 4 
leads E 1 and negative when I B lags E r ); 

r and a, used as subscripts, refer to receiving end and sending end, respec¬ 
tively. 


Equations fur Fixed Conditions at Receiving End 


P r = K, cos 0, Erl I COS 0, 


E m = E r A + I % B 
I B =- i r A + E/J 


PF b = ms e B = — —- 

1 

F. = EJ b cos 8 a = PfcJ?al + C*a iai 


[14] 


Equations for Fixed Conditions at Sending End 

P B = K b cop 0 b = EJ B cos 6 b 
E r = EfA - 1,B 
>, = ( b A - E.C 

nri a rrll#1 + r,a *' 2 

PF r = COS Of - - ^ Y r - 

P T = E,I r COS 0, = Crlirl + 6 , 81 , 2 ] 


|15] 


The use of the above conations is illustrated by the following typical long- 
transniiFMon-lino problem: 

A transmission line* 200 mi long consists of 3 conductors of 605,000 cir mils 
aluminum cable, si eel-reinforced, over-all diameter 0.053 in., arranged in a 
plane with spacing 14, 14, and 28 ft respectively. Determine the line per¬ 
formance with a frequency of 60 cycles per second, and with fixed conditions 
of 40,000 kw, 00% lugging power factor, 132,000 volts (a) at the receiving 
end and (5) at the sending end. 

The line constants are computed from Eqs. 5, 6, 7, 8, 9, 10, and 11 as 
follows: 



1048 


TRANSMISSION LINES 


[Chat. 43J 


S-6J8X17JBX 1.02 ( 5 ^ 6 ) 10 - 

= 30.854; 

X - 2X3.1416X 60X200 [s.05 + 74.1 loj(,„ 10 -« 


Z 

a 

B 


159.015; 

30.854 + >159.015; 

0 ; 

2 X 3.1416 X 60 X 200 
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= 0.0011040; 

Y - 0+>0.0011049; 

A = 0.91838+>0.01655; 

A = 0.91354; 

B = 29.07041 + >154.5701; 
fl = 157.28; 

C = -0.000006 + j0.001073; 
C = 0.001073. 


(a) .Performance with fixed conditions :it the receiving end is computed 
from Eq. L4 uh follows: 


P T - 40.000,000; 
cos 0 r = 0.9; sin 0, = 0.430; 
E t = 132,000; 

<?,i = 132,000; 

c,2 = 0; 

E, = 132,IK)0; 

It 


40,000,000_ _ 

0.9 X 132,000 ’ 


t,i = 0.9 X 330.7 = 303.03; 


t'„ = 0.436 X 336.7 = 146.80; 

I r = 303.03 -./140 SO; 

Ii. = (132,000X0.91338 + >0.01655) 

+ (303.03 - >146.80)(29.07041 + >154.5701) 

= 152,006+>44,756; 

E, =* 158,516; 

I. - (303.03 - >146.80)(0.91338 + >0.01655) 

+ (132,000)(-0.000006 +>0.001073) 

= 278.4 +>12.57; 

I = 278.7* 

„ a _ (1*M«LX_27S+) + (44,756 X 12.57) 

158,5*6 X 278.7 “ 

= 0.971 laKH’iie; 

P. - (152,066 X 278.4) + (44,756 X 12.57) 

= 42,898,000. 
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(6) Performance with fixed conditions at the B ending end is computed from 
Eq. 15 aH follows: 


COH 0, 

E. 

e,i 

E. 

/. 

i. l 

1.2 

/. 


J*r 

/, 

/r 
COb 0, 


J\ 


40,000,000; 

0.9; sin0* = 0.436; 
132,000; 

132,000; 

0 ; 


132,000; 

40,000,000 
0.9 X 132,000 = 
0.9 X 336.70 = 
0.436 X 336.70 


= 336.70; 

303.03; 

=- 146.80; 


303 03 -7140.80; 


(132,000)(0.91338 + j0.01055) 

- (303.03 - 7*146 80)(29.07041 + j\ 54.5701) 

80,066 - .740,387; 


07,795; 


(303.03 -7*146.80)(0.9133S + 70.01655) 

- (132,000)(— 0.00000C + 70.001073) 

280.0 - 7-270.7; 

3S9.4; 

(89,066 X 2SU1 + (40,387 X 270.7) 

97,795 X 389.4 
0.942 lagging; 

(89,066 X 278.4) + (40,387 X 270.7) 

35,871,000. 


The calculation should lie checked graphical^ liy n simple diagram as 
shown in Fig 9. It ^houhl he reincinheied tint for fixed conditions at the 
^ending end llie vectors IB mid EC must he dmwn backward, that i-, 180 
degrees irom the positions' shown m the figure, .i* their signs are negative in 
Ef| 15. 

For othei methods of calculation, see Chapter 40, Section 17, Ref. 20. 

11. Transformer Constants. The translonncis at each end of the Inms- 
lni^niu lnie must lie considered in delenninmg the ]ierfnnnanee of the system 
as .i whole The eunstanls of a h.ink of li.in^fnriner^ mav he expressed in the 
same terms as the fundamental constants of the line, a* follows: 


R 

X 

Z 

a 

B 

Y 


rFF_ i 
100 * 
xET- 
100 A' 
R+jX. 
qK r 

Too E 2 
JK_ 

100 E* 
a - jB 


fl6] 
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where 72 = resistance \xsr conductor, in ohms; 

X = reactance per conductor, in ohms; 

G = conductance jier conductor, in mhos; 

B = suKceptuncc per conductor, in mhos; 
r = resistance volts, in percentage of rated volts; 

.r = reactance volts, in percentage of rated volts; 

(j = iron-loss current, in iXTcentage of rated current; 
b = magnetizing current, in percentage of rated current; 

E = rated voltage between conductors; 

K = rated capacity, in volt-iimjjcros. 

Approximate values of r, r, (/, ami h suitable for preliminary transmission- 
system calculations are given in Tabic J. As these characteristics vary con¬ 
siderably with the transformer design, actual values for linuJ calculations 
should be obtained from the transformer manufacturer. 

TABLE 1 

Typical TiUNsmRMiCR Characteristics 
00-ryclp, Single-phase 

Per Cent 



Per Out 

Per Cent 

Per Cent 

Magnetizing 

Tinted Kva 

Resistance 

Reactance 

Iron Ixws 

Current 

W. (\ 1 10 l\V 

300 

1.5 

8.0 

1.0 

8.0 

1 .000 

1.4 

0.0 

0.8 

7.3 

2,000 

1 2 

0.0 

0.7 

0.2 

3,000 

1.0 

0.5 

0.57 

5.0 

JO,000 

0.85 

0.5 

0. 18 

4.3 

20,000 

0.75 

10.0 

0.-12 

3.0 

30,000 

0.70 

10.0 

0.38 

3 3 

W. (!. 220 kv 

5, (XM) 

1 2 

10 5 

0.81 

0.0 

10,(KM) 

1.0 

11.0 

0.07 

5.0 

20 000 

0 Hi 

12.5 

0.52 

4.7 

30, IKK) 

0.80 

13.0 

0.14 

4.2 

S. O. 110 kv 

1,000 

0.82 

10.0 

0.02 

0.0 

2,000 

0 75 

10.0 

0.07 

5.0 

5.000 

0.03 

10.0 

0. 15 

3.0 

10.(KK) 

0.52 

10.0 

0.30 

2.4 

20,000 

0 12 

10.0 

0.31 

2.1 

30,000 

0.31) 

10.0 

0.30 

2.0 


12. Networks. A ctmv* uient method of determining the ])erfonnancc of 
a network consisting if traiiHni^ion lines, Iransforincrn, and other impedances 
and admittances was published by Ev„us and Sols in the Electric Journal, 
for August 1021, p. 350. The meiliod consists of combining the constants 
of the various elements of the system hi* as to give four general circuit con- 
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Circuit Conhtantn for Eusmhniary Nktwohkb 
Oantni Circuit Equation*: 

A.AC.P. 
l j £ | * M m i* 

9* “ BrA 0 + /rflo 

/.-W. + JVC. 

f* “ ~ /•?» 

/«■ “ M* ■ ?«?• 

Two Transmission Lines in Series: 



r& _s, 

>-^/ B 275; c, ^ 


4® " “i +>fli = 4»4* + fi?* 

{*& = fci + /b* ®* BiAi + PiB% 
j’o ■ ei +/<?» = 4i?* + fi£* 
po ■ di + jrf* “ BiC* + DiD t 


Two Transmission Lines in Multiple: 


Oft 


Ai Bt C, 


* *« C. 


S' 


4» 


B. 


C* 




01 + fat “ 
61+ ibi = 
tl + JO “ 
d\ + jdi ■ 


+ M* 
£» + £» 

Ml 




Ml - - £ 1 ) 

f.+r.+-*-5i+|;— 

Ji?* + P>?i 

^7+>T" 


rraumiMiofl Z.i‘nc irilJb Series Impedance at Sending End: 




4« - ai + /at * 4 + t'f 

- 61+/61 - ? + 4 ? 

Co » ci +/c* * C 

Ps - * +/* - 4 
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TABLE 2- Continued 

Cnw'i it (k)N.sTANTH fok Elementary Networks 
Transmission Line with Series Impedance at Receiving End: 


4® “ +/*» ■* £ 

£o-6i +jlH = p + AZ 
po ™ ci + * C* 

/>• " di + jrfa ■■ A 4* CZ 


One Bank of Transformers: 



ZK 

4° “ “i +y«a * 1 + V - 


B'- b>+jh,~ + 

p 0 « n + jpi — r 
„ ZY 

P o - <*i + M = H-fr 

A 

r/arwmtViJTOn Line with Transformers at Sending End 



+tr(*+^) 

r* -«. +*» - r(*+?)+4r 

i>« - rfi +y* - a (1 + + gy 

TraiifliniMton. Li'nr wit* rrarw/ormrra a' Recnving End: 



4 t-a,+ja + x) + ^ 

f < - bi+- b (i+ ££) + ^ (i+ iLj 

fo - Cl + JC, » p(' + t)+^ 

p. - * +jd, . x (i + ilj+cz (i + ipj 
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TABLE 2 Continued 

Cuoott Constants fob Elementary Networks 
TransmimHan Line with ~Tra nejormern at Each End: 



stunts, A«, G 0 , Mini /),„ which may bo used in the usual exact transmission- 

line equal inns The more important elements with theii equations arc pi veil in 
Table 2 For a system \\mnie1 neal about its center, such at* a simple trans¬ 
mission line, the constant I) u is equal to A u 

13. Regulation and Power Diagrams. Graphical methods of determin¬ 
ing the performance of transmission systems are exceedingly useful because 
of their simplicity and the variety of solutions that may be obtained from a 
single diagram. It is always deniable to cheek at least one point on the dia¬ 
gram by the analytical method, to prove its accuracy. Manv diagrams and 
charts have been demised, each having particular merit for certain kinds of 
analyses. The regulation and power diagrams presented in the following 
paragraphs are particularly useful for the usual transmission problems. 

The regulation diagram is shown in Fig 10. ft is reproduced, with slight 
modifications, from University of Washington Engineering Experimental Sta¬ 
tion Bulletin 32, through the courtesy of the authors, F. K. Kirsten and 
E. A. Loew. The accuracy of the diagram is limited only by the degree of 
care exercised in constructing and reading it, as it is based on the exact per¬ 
formance equations. The diagram may lie const meted to show the regulation 
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of any form of network l>v find computing the four general rirruit constants, 
A fh B 0 , C 0 , and D«, art explained in Section 12. The subsequent opemlionH in 
constructing and reading the diagram for fixed conditions at the receiving 
end arc as follows: 

J. Using a sheet of plain paiicr, lay off E, horizontally from 0 to a convenient 
voltage wale. 

2. Construct angle tan' 1 (na/ai). 

3. Lay off E r Ao to I ho voltage scale. 



0 

Fig. 10. Regulation diagram for fixed conditions at inmving end. 


4. Construct angle tan J (5a M- 

ff Lay off /,/J 0 to 1 lie voltage M*ale, using the value of /, corresponding to full 
load, unity power factor. 

6. Draw K, circles alnmt center J/, using I t Bq for radius of 100% circle and 
otlicrR in proportion. 

7. Draw P, lines pcrjiewliculsr to / r Ro through points of intersection witli K r 
circles. 

8. Draw PF r lines radially from M, by laying off sines or tangents as preferml. 

0. Draw Eg curies about eenti r O, using the voltage scale. 

10. Construct angle tun -1 (rz/t\). 

11. Lay off Ejf o to a convenient current scale. 

12. Construct angle tan ~ l (r/g V/ f ). 

13. Lay off I,1)q to the eurrent mu Ip, using the value of /, corresponding to full 
load, unity power factor. 

14. Draw K , circles, at>out center N t using /,/)o for radius of 100% circle and 
others in proportion. 

Iff. Draw P r lines jk'rpondirular to /,/)o through points of intersection witli K r 
circles. 

16. Draw PP r lini»s radially from N, by laying off sines or tangents as preferred. 

17. Draw /* circles altout center O, using the current scale 1 . 

18. To use the diagram, w. ct any load P n and power factor PF r , and leud E at 
T t , and 9 a from which l and efficiency ran lx> mulily obtained by slide rule. 

The power diagram is shown ii: Fig 13. 11 ip* reproduced, with slight modi¬ 
fications, from the diagram dcvolojied by Evans and Sols in the Electric 
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Journal Dumber 10-21, p 510 Ihc urunev of the dn R , nn is limricl onlj 
>y t e (Iprkc of pm ivrrisul m (onstriuIma, mil u ulinR it, i« it is liased 




E r constant Er uanous 

Eg various Eg constant 

f wpirosntofPr f mpsroontef Pr 


I U 11 Kl (f H 11 



Sanding 
Es constant 
E r parous 
f inperemnt of /£ 



Eg various 
E r air stoat 
f mpsrosntof% 


i D(1 powc l ill igi un 


on the (\ut perfr mi met (quilious 1 he (liueimi ini\ hr constructed to 
show Ihc perform met ol in> iorni oL lulwmk h\ fust computing the tom 
gcruid (itmil ennst nits, is c'pi umd ui SmIjuu 1J It mr\ lx construelul 
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in any one of four general form* shown nt the bottom of Fig. 11. In order 
to show the particular performance required by the analysis. After the gen¬ 
eral circuit constants, A 0 , £ 0 « An Ai, have been computed, the subse- 
quent operations in constructing and reading the diagram are as follows: 

1. Using a sheet of cross-section paper, lay off suitable scales of kw, kva lead, and 
kva lag along the axes passing through O. The proper quadrants in which to locate 
the centers of the circles an- determined by an inspection of the signs as explained 
below. The equation of a circle with center at point -fa, +5, in the first quadrant is: 

Cr - a) 2 + (y - fc) 2 - C 2 [171 

2. Draw PF lines radially From O by laying o(T sines or tangents as preferred. 

3. Locate centers .If, and draw several power circles, using the power-eirrle equa¬ 
tion given below and varying E r nr E a us desired. 

4. Locate centers N and draw several per cent loss circles, using the per-cent-loss- 
circle equation as given below and varying f as desired. 

5. From the completed diagram, with fixed power, power factor, and voltage at 
one end of the system, the voltage at the other end and the per rent power loss may 
be read direelly. The effect of a condenser at the receiving end can hi' obtained from 
the condenser triangle as shown on the diagram. 

The notation and equations fin- ]>nwcr at the receiving end are ns follows: 

Notation 

P r = total 3-pliase jaiwer component nt receiving end in kilowatts; 

Or = total 3-plmsc reactive comiamciit at receiving end in kiln\olt-aiu])crcs 
(Or ip positive for leading jxnvor factor and negative lor lagging power 
factor) ; 

K r — Pr + jQt =» total 3-plmse vnltHiin])oroH at receiving end; 

E , = line voltage at receiving end in volts; 

E m = line voltage at sending end in volts; 

. __ fli5] + «2/>S 

“ "67* + ; 

- a 2 h | 

“ 6 ,=“- \1V ; 

1 

VV +“ V ; 

t = + &in 4- a #!2 4- 6*** — 1); 

u = (fljf i + fl^): 

v = (Mi + Mi); 

*r = [aidt + Mi — aaf U — 6ir»): 

/ * power loss in jxt cent ol power at receiving end. 

Power-circle Equation 

fit , /„ mflrV /vE,E,\ 9 
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Constants l % m, and* n hto always positive, and therefore the center of the 
circle iH in the second quadrant. 


Per-cmt-loxft-drrle Equation 
Er i 2 i tf - 2 -i 2 




tf r 2 -|2 

u»] 


Constants v and r arc always positive. Constants t and w may be positive 
or negative, depending on the system clui met eristics, V>ut, as / is always larger 
than t % (t — /) is always negative. The center of the circle is, therefore, in the 
first quadrant if tc is positive and in the fourth quadrant if w is negative. 


Equation far Paint of Maximum Efficiency 

f *= ± \/4i//* — i/’ 2 + t [20] 

The notation and equal ion* for ]>ower at the hending end are as follows: 


Ps 
Qn 


h\ 

Fj„ 

E, 

V 

m' 

n 

t 

u' 
v' 
w' 

r 


Eolation 

total 3-phaso power component nt sending end, in kilowatts; 
total 3-phase roaetive component at sending end, in kilovolt-amperes 
(Q, is jMisilive for leading power factor and negative for lagging power 
factor) ; 

P* + jQ s = total 3-phjwe volt-am pores at sending end; 
line voltage at sending end, ill a nits; 
line voltage at receiving end, in volts; 

<hh + dgAa 
fci* + V 1 
djf>2 — . 

6, 2 + 6 2 ’ 

1 

y/bi 2 + fi« 2 * 

(nidi + b\C\ + «ada + fraCa “ 1); 

(c\d\ +- Cadg); 

+ oo(/ a ); 

(n 2 d 3 + bid — <ti f h — bid: 

power lo^s in j>er cent of ixiwcr at sending end. 


Powcr-drclc Equation 



[21] 
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Constants »«', anil n are always positive, and therefore the center of the 
circle is in the fourth quadrant. 

Per-cen t-lwH-circle Equation 

['•"«+« + ^ 55 *]’ 

- V(t +/')* + «*'* - 4m'.»']* [22] 

Constants v r and r' are always positive, Constants t and v' r may Ikj jxjsitivc 
or negative, depending on the system characteristics, hut, as/' is always larger 
than f, (t +/') is always ixjsitivc. The center of the circle is, therefore, in the 
first quadrant if ic' is negative and in the fourth quadrant if ip' is imsitive. 

Equation for Point of Maximum Efficiency 

/' = ± y/ 4uV — if'* — t [23] 

14. Structural Features. Choice of the type of construction to he 
adopted for a transmission line should he lmscd on results of studies which 
not only consider first costs and rosin of maintenance and depreciation hut 
which also give due consideration to losses from interruptions to service. Such 
interruptions are generally brought nImul by mechanical or electrical failure 
of sonic part of the line when unusual conditions subject it to loads in excels 
of those which it bus been designed to withstand. Extremely severe loads 
from wind or ice or a combination of both may occur only rarely, but line 
failures meaning serious interruptions to service may result if sufficient 
strength to carry those loads has not been provided. Interruptions due 1 to 
lino flasliovers caused by lightning may or may not be serious, but, if the 
frequency of their occurrence is to be controlled, consideration must be given 
to the type and extent of protection 1o lie provided. It therefore follows 
that the desired reliability of a line must be considered along with general 
climatic conditions aud local conditions prevailing on the whole or any pari 
of the line. 

15. Conductor Size and Material. Before proceeding with the design 
of supporting structures, tlieir dine nsions and the loads that they must sustain 
should he determined. This involve^ determination of the characteristics of 
the conductors. If, after pursuing ihc economic considerations outlined in 
Section 7, it is found that conductors of different sizes, materials, or con¬ 
struction are satisfactory from the standpoint of electrical service, a study 
should he made to determine the conductor to he used for maximum economy 
in total line cost. Cnuduciinn having high tensile strength can he strung with 
less relative sag than those having lower strength, and u corresponding in¬ 
crease in spacing of structures of the same height can be made. Ollier things 
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l>emg equal, the line *with the longer Hpang will be more economical because 
of the saving in insulators and reduction in maintenance cost. 

The total cost per mile of line including conilactors, insulators, structures, 
and foundations should be estimated for each conductor under consideration. 

should be taken that the most economical spacing of structures and the 
most economical conductor tentdon are used in each case, as the choice may 
bo different for different conductors. Figure* 12 illustrates a convenient 
method of finding the most economical spacing of structures for a given con- 



Tower spacing in fee! 

Fin. 12. Determination of economical tower sparing. 

ductor and conductor tension. The most economical conductor tension may 
Ik* determined by the preparation of such chart* for varying tensions. 

In determining economical el me line spacing and conductor tension it is nol 
necessary in include items- of cost that do not vary, but comparisons of line 
costs to determine the most economical conductor should of rourse include 
the cuiuiucl or costs. 

Figure 13 shows the results of studies made to determine the most eco¬ 
nomical conductor tension and tower spacing for a 154-kv single-circuit steel 
tower line built in the heavy loading district with 63fl,000-cir-mil A.C.S.R. 
conductors and two high-strength galvanized-steel ground wires. It 

shows that in this particular case, with the design assumptions and factors of 
safety used, the most economical conductor tension under maximum assumed 
loading for average sjians not exceeding about 1250 ft was 9000 lb. It also 
shows that for spans from about 1250 ft to about 1500 ft the line cost is 
alnmt the same for limiting conductor tensions between 9000 and 12,000 lb 
and that for economy the spans should be as long as practical considerations 
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warrant These figure* are given onl> ioi lllubtrution and should be Ubcd only 
as ft giude in nuking similar studies for other conductors. 



18. Conductor Loading. The height* of *nppmtmg stuirtiiM* nnd the 
loads to be bust.lined by thim uc deiieiulent on the conductoi *ng ind louling 


T\BLE 3 

Condi Mon IjOadini. 1)aia * 

leading Dibtiict 



r~ — 

Heavy 

Medium 

Light 

Kaduil thickness of ice, in inches 

Horizontal wind piessuio, in pounds pei squaie 

0.50 

0 25 

0 

tool 

4 

4 

0 

Tempeiatuie, in degrees >ahnnhmt 

Constant to he added to the lcMillanl, m pounds 
per foot* 

For ban' conduftms of roppei, steel, rop]M'i 
alloy, copiiei-roveicd steel, and coiiibiiiatnmh 

0 


+30 

theieof 

Foi baie conductois of aluminum fwi'hm wuh- 

0.29 

0.10 

0 0.5 

out steel ieinloi c*enient) 

For weatheipioof and sinnlai ioveil'd conduc¬ 

0.31 

0.22 

0 05 

tors (all malenalsi 

0 31 

0 22 

0 05 


* National Rltrtnc Sajtty Code Hundttool H -32 ol the National Bureau of Stand¬ 
ards, 1041. 
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Loadings recommended b> the N ilional Bureau of Stand irds for various parts 
of tl'c United States arc shown in Fig 14 and Ttble 3 The** loadings on 
conductors are assumed to lie the result int loadings per toot equivalent to 
the vertical loads per loot of <omlu< tor, icc-covcrcd uhcie sjxm ified, combined 
with the trimmer* loids jh»i loot due to a transverse honaontil wiud prc*b- 
burc uimn the projected area ol the conductui, icc-covered where specified 



General loading map showing territorial division of the United States 
with reference to loading of overhead lines 


£_'" ] Heavy loading _ . 

' For ice, wind, and 

f™* | Medium loading L temperature values 

■-1 see tabulation 

I I Light loading 


In 14 Tmding disliuts foi mrihuucxl lotiling of o\crlieatl lines fFiom 
Valtimiil hln final haft h/ Cath Uaiulbiioh H-32 of the Nation il Buiriu of 

Stinilmlh 1941) 


To the cquitaleiil re m ill uit lending, Ihi specified tons! mts no to bp added 
foi cundnctor sig ind tension ode Millions 
Thp lendings »]M (liiPil foi the In tdmg disturb should bp considered as mini¬ 
mum mil used onl-v i- j guide in determining tbe propci loiding, which 
sluudd give considerit inn to the linpoitinte of semee nnel amount of lntor- 
luption pciunshilile Limps lex lied in dip is when- espomlh i>cveie wind and 
slpct stoims itp encountered should be- designed for i ho vuer loading if mtei- 
mptions to spi\ipi> ire to be nnnnmaid ^ wind piessuie of 11 lb pel ft 
on tlic pioiected ana of wins toiled with a rielial thickness ot fi, in ot ice 
has been used in the design oi some unjxtrt int lines where \iast expenenew 
Jiowb that \ei> he. nrj sleet formation oetuis lieeiuentlj 
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Wind pressures on projected areas of cylindrical surfaces of wires are less 
than on flat surfaces. Several formulas have liecn devised for the pressure 
on a wire in terms of the wind velocity. Of these, Bruck's formula for wind 
pressure on cylindrical surfaces, P = 0.00257 2 , is generally accepted for span 
calculations. In this formula P i> the pressure in pounds per square foot of 
projected area and V is the actual wind velocity in miles ]ier hour. 



The relation between actual and indicated wind velocity, and pressures for 
actual wind velocities up to about IK) mi per hr, are *hown in Fig. 15. The 
relation between actual nud indicated wind velocity is not entirely definite, 
and correction factors should be obtained from the IT. R. Weather Bureau 
with any wind-veloeity data. For further dihCiisMou of the subject of line 
loading, see “Mechanical Characteristics of Transmission Lanes,” by L. I']. 
Tinlay, Electrical Journal, January 1925. 


17. Conductor Sag. A cable of uni- 
form enns-sect ion and material, per¬ 
fectly flexible but inelastic, suspended at 
two points in the same horizontal plane 
and subjecled only to its own weight, 
assumes the form of the common cate¬ 
nary. If the cable is of elastic material, 
it assumes the form of the elastic cate¬ 
nary. The maximum stress in the rnble 
is at the point of support, and the mini¬ 
mum stress is at the lowest point. The 
stress at any point in the eable has two components: a horizontal component, 
which is uniform throughout the length of the cable; and a vertical com¬ 
ponent, which varies along each half of its length. The vertical component 
of the tension at any point is equal to one-half the weight of the eable in the 
span, less the weight of the cable between the point and the nearest, point 
of support. The horizontal component of the tension at any point is equal 
to the minimum tension in the cable. 
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If it is amumcd that the weight of the cable is distributed uniformly along 
a horizontal line instead of along the length of the cable, the equation for the 
curve awumed by the coble will be that of a parabola. There are, therefore, 
two general methods of calculating sags, the one being baaed on the elastic 
catenary, the other on the parabola. The result® of the two methods of 
calculation will be almost identical when the nag is small, but the error due to 
the parnlwhc assumption becomes greater as the sag increases For all prac¬ 
tical purposes, the error is negligible for spans up to 1000 ft and can generally 
be disregarded for spans up to 1500 ft Foi spans up to (his length, with wires 
so strung that the sag will not exceed one-tenth of the span, the error will 
lie less than \\%. 


The following general equations are 

derived from the parabola 

(wo Pin- 

10): 

Sag, in feet, at any point 

a 2JI 

m 

Maximum sag, in toet 

. W& 
d= m 

125] 

Horizontal stress, m ]Kmnds 

M 

[2«1 

Vertical stress, in (Kninds 

irciSf 2 + m 

1 “ w 

1271 

Maximum stress, in ixmnds 


[28] 

length of cable, in feet 

,J ~ 8 vt 

[2M] 

Maximum sag, in f<*ct 

ImL-ii) 

d -\- B 

[30] 

Tl* 

Change in length of cable, in feet r * ^ “ tlA 

[311 


where W = weight, in ixmuds per foot of cable and load; 

A *= area of cross-section of cable, in square inches; 

E = modulus of elasticity of cable; 
e * coefficient of expansion for cable; 

Y = horizontal distance, in foot, from any point in span to the nearest 
support; 

& = length of span, in feet; 
t «= change of temperature, in degrees Fahrenheit. 

18. Stress-deflection Curves. As the enble is subject to changes in tem¬ 
perature, four variables tw involved in the solution of the sag problem for 
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any gi\en span tbc'v ue length, tension, Uiiijicriturc, ind sig, uid nil are 
closely uiUiKilled loi eximple, i e hinge m tempei iturc ciuses a change 
m length, this ciuse* a chinge in sig, wlnrh in turn changes the length md 
tension still luither 

It lb evident thit i mithcmituil solution to find the sigs and tensions 
for vinous conditions of louling md for ihinging teni]Mia1uies would Ik 
vei> compile itc d A lorubm ilion ol m ilium itic il ind gi iphie il solutions 
\erv much sunplifics tin problem It two set* ol eui\e* Jor i gi\tn spin ue 
diawn on the sum shed, one set showing the i el it ion between sig ind ten 



20 21 2 ? 23 24 25 26 27 28 29 30 31 32 33 

Sag in feet 

In 17 SliiNS-deflMtinn nines 800ft spin 


sion undei virion* hidings ind the other showing the iclttiem between ig 
md tension it l mous temper limes their mtersertions will show *igs md 
tcnsiems for gi \mi hiding* md it the difhicnt 1empfi itures issiinied Sueli 
uuus ue known is Mir*s deflection eui\e* md aic illusliiled in lig 17 
>oi eon\cmcnre, the two *v tern of curve* will be delined i follow s 

(а) big-tension turns—showing the lelition between sig md tension for 
i given spin md lending 

(б) Pull-up cuncs—showing the ielition between sig ind tension for a 
given spin ind temper iturc 

The pull u]i rune for my given spin is \ sig tension curve it eomtint 
temper iturc md v ming lend md it is given thi* n unt to distinguish it from 
th sig-tension curve with i remsfji t hid I he trim pull up is elemed from 
the method of pi ore duu used m it c oust metion vhich consist 0 f gruhnlh 
reducing the loul on the c ible it i eon*l mt It inpci ituie thireby eleeretsuig 
both the sig -md tension, d ]mlling up the e ible 
The method of pi piling these curves bv use of the pinboh equitions i* 
e\pl uned by the following prohlem 
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SAG-TENSION CURVES 

Determine the maximum sag and Hide swing for a No. 4/0 bare, stranded, 
hard-drawn copper conductor for a span of 800 ft, the maximum tension in 
the conductor not lu exceed 5000 lb, the assumed loading to be % in. radial 
thickness of ice plus a wind pleasure of 4 lb per sq ft of projected area of the 
ice-covered cable, or a wind pressure of 15 lb per sq ft of projected area of 
the bare cable, and the assumed temperature range to lie from zero to 120° F. 

S ** spun = 800 ft; 

T = actual tension in cable (5000 lb maximum); 

II = horizontal stress, in pounds, at low point of cable; 

A = cross-sectional area of cable - 0.1652 sq in.; 

E = modulus of elasticity of cable — 15,000,000; 

0 = coefficient of linear expansion for cable «= 0.0000004; 

W = 0.653 lb per lin ft (weight of bare cable); 

Wi = 0.933 lb per lin ft (resultant of cable weight and wind pressure); 

W s = 1.307 lb ]>er lin ft (weight of cable pluH ice); 

JV* = 1.406 + factor 0.20 = 1.606 lb per lin ft (resultant of cable plus ico 
weight and wind pressure); 

EA = 2,403,000; 

t = teniiXTaturc change in degrees Fahrenheit. 

10. Sag-tension Curves. Using Eq. 25, compute the sags for varying 
horizontal tensions for each of the loading-, IF, IF*, IF 2 , and W 2 as follows: 


Loading 11 

v 

Loading TTi 

Ixuiding ll'i 

1/oading Ws 

0.(353 X 800* 

. 0.033 X 800* 

1.307 X 800* 


1.606 X 800 2 

A II 


d -8// 

d -8 H 

8 II 

52,240 


76,400 

104,560 


135,680 

II 


if 

II 


//“ 

W 

W i 

Wi 


1 F a 

H 

r/ 

11 il 

II d 

H 

d 

2600 

20.1 

3300 21.3 

1200 24 0 

5200 

26.1 

2400 

21 7 

3200 23.3 

4000 26.1 

5000 

27.1 

2200 

23.7 

3000 24.0 

3700 28.2 

4700 

28.8 

2000 

26.1 

2800 20.7 




1800 

20 0 

2600 28.7 




From the 

above 

viiluo of // anil (1, Jjlot the four curven W, 

TFi, W 2f and 


Wft as shown in Fig. 17. These art* the &ag-teubion curves. 

Since the maximum tension will occur under the heaviest load and at the 
lowest temperature, the actual tension in this case should be limited to 5000 lb 
under loading IF 3 . A maximum tension of 5000 lb for this span and loading 
is equivalent to a horizontal tension of 4035 lb, which is the starting point for 
the pull-up curve at 0° F. 
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20. Pull-up Curves. The sag under a horizontal tension of 4955 lb and 
under loading W n is 27.38 ft. From Eq. 29 the length of the conductor under 
loading W a , with a tension of 4955 lb und a sag of 27.38 ft is: 

L~m + - 802.499 ft 


Now assume a redurtion in load which will reduce the tension by some con¬ 
venient decrement, as 500 lb, and compute the change in length of cable 
and new length for a nuinl>er of such decrements. By Eq. 31 the decrease 
in length per 500-lb reduction in tension is: 


c 


500 X 802.490 
‘ 2,493,000 ~ 


- 0.161 ft 
Tension 



4455 

3955 

3455 

2955 

2455 

Original length 

802.499 

802.499 

802.499 

802.499 

802.499 

Reduction in length 

0.J01 

0.322 

0.483 

0.644 

0.805 

New length 

802.338 

802.J77 

802.016 

801.853 

801.694 


From these new length^ Hie corresponding sags are computed from Eq. 3(1 
as follows: 


For tension of 4155 lb, d - V| X 800(802.338 - 800) - 26.5 ft 

For tciiHioii of 3955 lb, d - y/\ X 800(802.177 - 800) = 25.6 ft 

For tension of 3455 lb, d - V} X 800(802.016 - 800, = 24.6 ft 

For tension of 2955 lh, d - v'g X 800(801.855 - 800, = 23.6 ft 

For tension of 2455 lh, d - \'g X 800(80IL694 -”«()0) = 22.6 It 

For the-** vadues of sag anrl corresponding tension the 0° F pull-up curve 
is drawn as shown in Fig. 17. 

The next step is the determination of the changes in sag and tension as the 
temperature increases from its minimum of 0° F to its maximum of 120" F. 
This is clone by plotting additional pull-up curves between these temperature 1 
limits. Additional curves have been drawn for 32°, 60®, 90% and 120° F 
in Fig. 17 for this problem. 

The starting point of the 32° F pull-up curve is the length of the cable 
at 0° F with a tension of 4955 lb, which was found to be 802.499 ft. With 
the loading unchanged, the increased length due* to an increase in temperature 
from 0° F to 32° F is found from Eq. 31 as follows: 

Original length 802.499 ft 

Change in length, < - 32 X 802.499 X 0.0000094 - 0.241 ft 


802.740 ft 


New length at 32° F 
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FULL-UP CURVES 
The corresponding sag from Eq 90 is: 

<* - VjX 8001802 740 -800) - 28 7 ft 


Tliu ib the bag roncbpondiug to a tension of 4055 lb at 32’ F and is a point 
on the 32° F pull-up curve 



Stress Factor 

Fig IS Companion of paiaboU and ratennry 

done foi the 0° F pull-up ruive, additional i>oints me obtained from which 
the .12" F pull-up curve is plolted 
The remaining cuT\es are jilottcMl in a similar manner 
Pull-up emveb from 0° to 32* F inclusive must be so drawn us to intersect 
.ill sag-tension curves, but pull-up cuives foi temperatures highei than 32 9 F 
need not be diawn to intersect bag-tension curves for ico loading. 

Fiom the curves it is found that the maximum vertical sag is 271 ft and 
occurs at a temjicraturc ol 120° F and no wind, this sag being gieater than 
the vertical components of the maximum sags under loadings including wind 
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pressure. The maximum bide swing is 20 ft, ami it occurs at a temperature 
of 120° F with a 15-lb wind on the bare cable. 

The figures for maximum vertical sag and horizontal side swing for the 
most economical sjuin should }>e used in determining the heights of towers 
and the normal width of right-of-way. 

81. Catenary Solution. If it is desired to compute the nags on the basis 
of the elastic catenary, they may be figured as described for the parabola and 
corrected by the percentage increase obtained from the curve in Fig. 18. For 
further information on mechanical features of design, see ‘‘Transmission Line 
Design, Part I: Mechanical Features, 11 by F. K. Kirsten; and Part I, Section 
B, Mechanical Design of Spans with Supports at Unequal Elevation/’ by 
G. S. Smith, Umvcmty of Washington Engineering Experiment Station Bul¬ 
letin 17, February 1023, and Bulletin 29, Augusl 1924, Seattle, Wash. 

82. Stringing Curves. It is essential to give the field forces information 
which will enable them to string the cables in Mich a way that under any of 
the assumed loading conditions the maximum tension cannot exceed the al¬ 
lowable. Probably the best way to present this information i> by means of 
stringing curves which show the relation between the sag and the span oi 
the relalinn between the tension and the span at various temperatures. 

Points for plotting these curves are obtained from the stress-deflection 
curves for various spans and temperatures. Typical stringing curves are 
shown in Fig. 19. 

23. Structures. A decision n« to the character of supports to be used 
should be governed bv the general condition* outlined under Sections 2, 4, 
14, 15, and 16. Wooden structures, either poles or II-fraines, may be satis¬ 
factory whore permanency is not essential. However, it is practically impos¬ 
sible to obtain as high a factor of safety with them as with steel structures, 
and, owing to the comparatively short span** which must be used because of 
the limitations in height, the number of insulators is greatly increased, thus 
proportionately increasing the probability of interruptions to service. For 
further discussion of wood-pole const ruction, sec Standard Handbook lor Kiev- 
trical Engineer s, McGraw-Hill Book Company. 

The more important types uf supports may be divided into three classes: 


Steel pole. 

Flexible steel frame. 

Rigid wide-hnse steel tower. 


Steel jjoIch generally are u*cd where space limitations will not permit the 
use of frames or towers and wood poles are not desirable. They usually are 
intended to take care of vertical loads combined with horizontal loads across 
or at right angles to the direction of the line with little or no provision for 
loads in the direction of the line. When designed for such longitudinal loading 
from broken or unbalanced #ire pull, they must do the work of a tower; but 
because of the small dimensions at the base they require a larger amount of 
steel and heavier foundations. 
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Flexible sleel frairtcs, commonly called A frames, have been used where 
cheapness of const ruction was important. Like Doles, their chief function is 
to parry vertip.il loads and loads across the hue, and thev depend on the 
cables to transmit longitudinal loads to hea\ier structures placed at regular 




intervals along the line. Their use, in general, 1 * not recommended, as their 
lack of resistance to load in the direction of the line may add to the diffirultics 
of stringing the wires and, in ca^ of failure of one frame, all frames between 
it and the nearest strain tower gcneially are pulled down. If light structures 
must be used, a 4-leg lower of rectangular cross-section, weighing very little 
more than a flexible frame, can lie designed to give the same strength across 
the line and considerable resistance to longitudinal loads. 
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Rigid towers provide the maximum security against interruptions to service 
caused by tower failure. Their strength allows the use of long spans with a 
consequent reduction in the number of insulators and in the probability of 
insulator failure. General practice has been to divide structures of this sort 
into the three following types: 


Riupenflion line towers. 

Suspension angle towers. 

Dead-end angle towerr. 

Suspension line towers are used on tangents in the line and are designed 
to support unbalanced pull due to one or more broken conductors, in addition 
to loads from wind and ice on the cables. 

Suspension angle towers located at singles in the line where suspended posi¬ 
tion of conductors is mi tisfactory are designed for the loads used for suspen¬ 
sion lino towers and the additional transverse loads due to angles in the line. 

Dead-end angle towers are located at large angles in the line where sus¬ 
pended position of conductors is unsatisfactory and at other points where 
desirable to dead-end the line. They are designed to take the dead-end pull 
from any or all cables together with the loads due to wind and ice on the 
cables and the additional transverse loads due to angles in the line. 

24. Tower Design. From the standpoint of design no definite line can bo 
drawn between steel poles, flexible frame-,, and towns; the present discussion 
will be limited to the type of structures geneially called tmvers, having trussed 
framework, the coiner imsts being siippuited on separate foundations. 

Thp outline and dimensions of the tower depend largely on the arrange¬ 
ment and spacing of the conductors, the minimum clearances from the ground 
to the lowest conductor, and the scpaialion of conductors and ground wires 
if ground wins are used. The separation of conductors and clearances from 
conductors to lower member and the potion of ground wires and their 
separation from the conductors an- determined almost entirely bv electrical 
considerations and the degree of lightning protection which is intended Clear¬ 
ance of cables from the giound is determined by the divine nPmwirv for 
he protection from accident, to individual, and for mnr.trerupted service 
qJIJ not bo lo. H than that .pmfiod by the National Electrical Safety 

.«_ „zz sul iXrXTJir 
■*“ “— 

“ dw, to,l M wi-h ,b, hW( 
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structures Groat rare Should l>e taken to see that the combination of loads 
which produces a maximum strew is found for each tower member, an loads 
that produce the greatest strew in some members may not give maximum in 
others. Stresses should be computed for the following loads; 

(a) Wind pressure on the tower applied at panel points of the tower. 

(b) Pull from broken cables in the direction of the line, wind on the cables 
arrow the line, and vertical loads due 1o weight of cables and insulators plus 
ice coating, all applied at 1 lie jaunts of attachment of cables. 



(r) Pull across the line from angle in the line, applied at points of attach¬ 
ment of cables. 

id) Weight of the tower itself. 

Graphicnl method- of analyxie ore Generally used as they are sufficiently 
accurate ami le— hibonous than uiathematieal solutions. Strew? diagrams are 
drawn, and the maximum combined strew in each member, for all loads, is 
found.' The problem then eonso-t- in choosing appropriate structural sections 
to Rive the required strength, uud in connecting them in such a way that the 
strength of the members will be maintained. 

86. Unit Stresses. The unit stretw* to be used in determining sues of 
members in a traminimum tower depend on the amount of overload that it 
in desired to have the towers eapable of currying. Standard-grade structural 
steel to be used in the fabrication of transmission towers should be manu¬ 
factured by the ojien-hearth or eleetrie-furnaee process and should meet the 
requirements of the “Standard Specifications for Structural Steel for Bridges 
and Buildings,” as given by tlie American Society for Testing Materials, 
A.S.T.M. Designation A7-42. See Table 4. 


TRANSMISSION LINES 


I Chap. 431 


TABLE 4 

Yield Point** of Steel, Pounds per Square Inch * 


Tension 


Bolts: 

Slii'ur 

Bearing 

Rivets: 

Shear 

Bearing 


Standard Grade lligh-elaHtic-limit Grade 

Shapes: 

Tension 33,000 45,000 

Compression 38,000, 160 L/R 45,000, 190 L/R 

For L/R kt* than 150 For L/R Less than 150 

30,000 40,000 

30,000, mL/R 36,000, 130 L/R 

For L/R Jrom 150 to 200 For L/R from 150 to 200 


30,000 

30,000, mL/R 


* American Bridge Cnnipuiiy. 

Unit «tresKcs under Joiuhngh required I tv the National Electrical Safely 
Code should not exreed those specified in that rode for the Riven loading. 

For further discussion of the subject ot Hie design of transmission towers, 
including structures, loading, and unit stresses, see Itef. 7 and Chunter 40 
Kef. 18. 1 

28. Location of Towers. Suitable loeatinn of towers on the profile rail 
best he determined by sliding a template of the maximum sag curve along Hie 
profile until the desired jmsilion ol the span is found. The template should be 
maile of trans 1M ,rent material, such as Celluloid, and should show, in addition 
to the sag curve, minimum clearance to ground and lengths ol spans all drawn 
to Ihe wmie sculp ut the profiles 

Figtire 21 shows curves tor making <urh a template and a M'dion of profile 
illustrating ith use. It is well to sliou a imnimuni sag curve on the Ipinplate 
and to locate towers so that tic re will be no uplift on them under minimum 
sag conditions. When uplift cannot be avoided, the towers miM be made to 

icMMI IV. 

It often happens that towers somewhat higher than those used for normal 
gpana are (osirn u> at certain locations to give tuo most economical arrange¬ 
ment. To meet these requirements, tower extensions are providial so that the 
towers ran be made of a standard height. 

27. Protective Coating, ft i« j raetieullv impossible to paint the portions 

ssn ■‘■S: rr? ^ r * 

cannot he done on u.etcd work and ri f . ! “T (tn } van “ ,, " t 

1™ .tew I ho h, i *""" 
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For special high tofrers with veiy heavy loading, where bolted joints would 
not be satisfactory, it is jiossible to rivet and paint the part of the towers 
below the conductors and galvanize the portion above 
Specifications for galvanizing should be rigid, and nil galvanizing should be 
given very careful inspection. 



Span in fart 

Fit. 21 Towrr loiatiou (li.igi tui 


28. Tower Foundations. In gcnci il, thorp aie two tipos of toner foun¬ 
dations, (omit le ancliois and ‘•tool aniliors The individual anrhors tor cieh 
ItK ot a’tuner should he designed to resist the m ixuiuim uplilt oi compression 
in the kg plus thil lioin the po^ilile osuload 
A steel am hoi consists oi a stiuetni d meinlier or members extending into 
the ground md conneeted to a steel Rrillage. r rhe guUage should he of suf- 
luient m/p to transmit the miMmuin eompiession to the soil nitliout exceed¬ 
ing allow lble liemng picssme, and it -hould be bulled to such o depth that 
it will resist the uplift from the tower leg plus any denied overload In 
general, the resist uue to uplift ina> he .ibsinned equal to the weight oi earth 
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of an inverted frustum of a pyramid with a bottom area equnl to the area 
of the grillage, it* rides forming angles of 30 dogmas with a vertical plane 
and its height equal to the depth from the surface of the ground to the 
grillage. 

Concrete anchors should t>e designed to engage Hie surrounding earth so 
that the earth will resist uplift in combination with the weight of the eonerete. 

29. Outdoor Station Structures. Anolher ty\y? of structure, in the same 
general class with steel transmission towers, is ihe steel structure used for 
supporting busses and switches fur outdoor substations and switching stations. 

The general arrangement and dimensions of these structures are usually 
determined largely by electrical consideration*. The loads which they must 
Kiipiwrt are those produced by the incoming oi outgoing lines, the pulls from 
suspended busses, dead loads from switches, insulators, and struct tires, and 
wind on structure and equipment. Sleet formation should he given the same 
consideration as for the transmission line. 

Some of the les* important low-voltage structures are painted, but, because 
of the inconvenience of repainting, galvanized steed is generally used for high- 
voltage structures tseo Chapter -412, Section 15). 

30. Bibliography. (Sec also Chapter 40. Section 17, for general bibli¬ 
ography.) 
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OPERATION OP HYDROELECTRIC PLANTS 

By Albion Davia * 

Organization 

1- General Plan. The successful operation of to hydroelectric plant ia 
largely deiiendent on the organization plan Bet up originally for the purpose. 
This plan will include not only the organization itself but also the principal 
tools with which it will work, namely, instruments, communication facilities, 
equipment test data, current data for forecasting, records, anil rejwrts. The 
initial plan is important because, once* established, procedure tends to crystal¬ 
lize, anil changes become more difficult. 

2. Organization and Personnel. The first step is the selection and 
training of the personnel that will actually operate the plant and maintain 
continuity of service. In developing ihe organization plan it should be kept 
clearly in mind that the Inad-di«*pu1 ehing or pysiem-uperating group ia the 
heart of a power system and that every other part of the plant organization 
must be tuned to function successfully with it. 

The size of tlic organization dejieiidh upon the capacity of the plant, the 
number of units, and the complexity of the station layout, as well as upon 
whether the plant will lie automatically operated or whether it will be en¬ 
tirely a manually operated plant. The size of the organization also depends 
on the extent 1o which the plant will lx* called upon to handle its own main¬ 
tenance, its own accounting, purchasing, real estate, or legal work. 

For a specific plant, the organization will naturally be adjusted to the sys¬ 
tem plan and Ihe general procedure of the company which will control the 
project. Old plants usually require a larger personnel than modern plants. 

In a plant of moderate size there will generally be four divisions of the 
o]x*rating foree: (1) The operators, concerned with operation of plant gen¬ 
erating equipment, control or power fed from the plant, and operation of river 
control equipment. These men usually work in shifts so that an operating 
force is on duty at all times. (2) The electrical maintenance men. (3) The 
mechanical maintenance men. (4) A plant engineer concerned with forecast¬ 
ing, plant efficiency, and load control plans. 

Figure 1 shows a plant organization chart that might be suited to a mod¬ 
em 160,000-kw low-head hydro plant having not over eight main generating 

* Formerly Chief Hydraulic Engineer, Union Electric Company of Missouri, 
Ht. Louis, Mo. 
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umtH and these of the some size and type. It would Ik* for a plant of simple 
L*n feeding a limited number of outgoing eimnta; a plant where all equip- 
STto be grated h. toted within 01 .uliacent to the plant ; a plant tha 
ib to handle its ran rn.imten.uue and minor const met ion but md real 
.ante, purchasing, or accounting work usually handled by a central ofheo. 



Fig 1 Plant dikniu/ ilion rJj,nt MiitnJ lo a modem nitht-nnil 160000-kw. low- 
head livdinf lectnr pi inf of simple drMRn II f\i hides tiansinission subsinlinn 


ai'fouulmR, k.iI (st.ito, .inri genci.d office lequuemfids. 


3. Plant Operators and Maintenance Men. Since the size of the oper¬ 
ating crews will be d( k tcnmiipil bv requirements in emergencies, plant equip- 
mrnt «-liould be designed to irrve duirndablc service. Simplicity und rugged- 
nws ol parts are C'spiifn], even in ihc details of d» ign, if emeig'Tiov require¬ 
ment aie to bp lednppd fo tin minimum, I< millet more, the design bhould 
centralize contiol ab much as possible and provide conveniences for mind 
inspection and repairs Lwitinn of equipment, number of operating floors, 
arrangement of Ihc Irish racks, proM-ions for cleaning them and for protect¬ 
ing against ice—rail lime a InuTing on the nnmlier of operators or maintenance 
men needed in pinei™ n'ip* altnm low operating cu-ts, close conprration 
between the designer ud the operating department is advisable while the 
plant is under design. 
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The modem tendency is to operate small stations by means of semi-auto¬ 
matic equipment and supervisory control. Such stations require only periodic 
visits by an operator, who may handle two or three small stations. Sometimes 
plants as large ns 20,000 kw are operated by remote control in this manner. 
For manually operated plants up to 20,000 kw, one operator per shift or 4% 
o]>crutors jkt plant are ample for all ordinary conditions if they do not have 
to take enre of heavy maintenance work. Where there are a number of plants, 
many systems effect economies by utilizing maintenance crews that move from 
plant to plant. 

In compactly arranged plants of 100,()00-kw capacity from 4 to 6 operators 
]K*r .shift will usually bp required. For a plant of 200,()00-kw capacity, from 
H to 9 operators per shift may be required. The total number of operators 
for plants of thi« size may vary from 18 to 30. lSiicIi plants will usually have 
from 3 to 5 electrical maintenance men and 4 to G mechanical maintenance 
men. The total force of operators and maintenance men, including sujier- 
intendence and miscellaneous labor, need not exceed from 30 to B5 men for 
plants of this size. 

Operators will be chosen particularly for their experience with power-plant 
machinery, their alertness and their ability to think straight in emergencies. 
For a new plant the main switchboard operators will usually be thoroughly 
exiM-rieneed, capable men drawn from other plants. Some of their assistants 
mav be men who Imc worked on the electric installation during construction. 
A few mav be >oiuigei men from the local community who Inter will work up 
thiuugh the ranks. Though it is not a necessity, it is helpful if the operators 
have had some technical training in trade schools or college*. 

Proper timning of the operating force both for normal operation and for 
emergencies is, of course, vital to successful n]H*rn1ion. Every operator selected 
should bo required to prove by examination his understanding of the equip¬ 
ment he is to operate. Provision should be made for thorough schooling of 
the electrical ojicrators, particularly in the handling of hydraulic equipment. 
As a part of their training it is very desirable that the key men of the operat¬ 
ing organization work with the construction test crews for a time before 
operation begins. It is particularly helpful if one or more of the maintenance 
men has been on the job during the construction of the plant. 

4. Communication Facilities. For Micces-ful operation adequate com¬ 
munication facilities are ninwary not only to maintain service in emergencies 
but also tn permit the easy flow of information between plants and the central 
office at all times. The communication facilities may include interplant tele¬ 
phones for the larger stations, private or leased telephone lines between plants, 
carrier-current circuits, and in «ome cases radio. There is probably no other 
single factor that aids more in securing smooth and efficient operation than 
good communication channels between all the operators and engineers who 
an 1 connoted with daily operation. 

If communication facilities am limited, a plant may still operate satisfac¬ 
torily but nevertheless at poor efficiency in relation to the system as a whole. 
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Lack of ready eonimiinicntinn bus nil too often relegated itlnnta to the mere 
grinding out of kilowiitt-hoiire to u«e up the water available, regardless of 
how much those kilowatt-hours earn in the system lond curve. With ade¬ 
quate roinmunicnlion facilities, or their equivalent in automatic operation, 
an otherwise isolated plant becomes an integral part of the system and just 
as important ns any other generating plant. From the system operators 
stnndimint, the most important plant is the one which he can get on and off 
the line with the least effort. Good facilities for this purpose should certainly 
be considered a vilal part of any projert. 

6. Engineering in Operation. It is highly desirable, in the operation 
of hydroelectric plants, to have nn engineering control which parallel* the 
operating organization from top to bottom. Itiis control should be permitted 
to cut across department boundaries and effect a coordinated plan of system 
operation. The engineering control would be the planning agency; the operat¬ 
ing organization would bo the doing agency of the pj>t(m. Each within its 
sphere should have latitude and nulhority. The one would be responsible for 
efficient plant operating schedules and the most efficient line of hydro plants 
as system units; the other would be concerned, aluad of everything else, with 
maintommee of service and upkeep of equipment to attain that end. In a 
small plant, all function** must be combined in one man having the required 
qualifications. The exact form which the engineering control takes depends 
nn Ihc size of the system of which the plant is a part, as well as on the type 
of organization at the central office. 

For a 10O,(X)O-kw plant with a wide range of output, a considerable sum 
should be spent lor forecasting alone In such a plant, certainly one, and 
perhaps two, engineers may be justified by the economies they ean effect. 
For a huge plant with storage, an cxpendillire of #3000 to $4fXK) annually 
for maintenance and operation of rainfall anrl river gages may be justified for 
forecast and record purposes, whereas, in a small plant, such an expenditure 
would he completely out of line. 

The engineering personnel should be kept in balance with the amount and 
quality of the engineering data lo be seemed, ihe instruments, tests, forecasl 
data, and records that are to be provided. It would be as useless to have 
engineers without engineering data a* it would be to have elaborate engineer¬ 
ing data without the jiersounel to interpret them. As aids in analyzing system 
performance, the larger systems have made increasing use of graphic instru¬ 
ments, such as tlius-c for recording voltage, frequency, or kilowatts at high 
chart speeds during disturbances. In many of the larger plants such instru¬ 
ments as automatic oscillographs, incurs for totalizing pJunt output or inte¬ 
grating that of several plants *»v telemetering equip! ent, and wide-scale fre¬ 
quency recorders have proved desirable. 

8. Plant Equipment Ratings. In planning for operation, another essen¬ 
tial is to provide for l».» develnpmem 0 i .adequate water-wheel and generator 
ratings. The water-whoel tests diculd cover all gate openings and should be 
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made at all ^pood-heaJ ratio** that will occur in operation. Otherwise, when 
the heud diffcis iioin the test he id, it will not be ponsible to use the tuibine 
accurately as a water meter The w itor-wheel testh can bebt be made in 
connection with the acceptance tests of Ihc gcnentoi and water wheels The 
generator tehts can reichly be made to covei all possible loadings Money 
s])eiit initially lor adequite tenth will be lepaid during a bhort penod of 
oiieiation 



Tail race elevations 

Fu. 2 PI ml i lling cuivi s fm i six-unit 150000-kw pioicct that would be sub- 
jut to (Lpi(it\ n dui lions in liifch witn due to ifduird hciul 


Aflrr complete w ifei-wheel md gcn< t itor tests, it then becomes posable to 
build u]j ui\ iiiunbu of ireful pi mt-i itmg cunes An e\implc of u plant- 
ritmg rune is shown in Fig 2 Such cuives u^iilh will be de\ eloped the 
fust jcai or two of opei ition a- the need for one aftei anothei of them be- 
i onics appiunt With lliein, i complete iccounting of w iter u**d through 
the plant is possible Without them, the* plint opeiatmg force ih coiibiderably 
h uidu ipped in obt.lining m iMinura economy 
At the tune tlie watei wheels ind genciators -ire tested, the goieinorb 
should also be tested foi perform mce under ill the conditions Ihe^ will meet 
in o]>er it ion These test- should include not oul> the usual testb for load-on 
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aDd load-off speed changes but also tests for scusitivity and accuracy of re¬ 
sponse to speed changes during normal ojicration. 

In many plants there will be otlier cqiupment that may be expected to 
limit the efficient output of the plant. Such equipment should be tested and 
rated soon after its installation. Under this category rnighl come torts of the 
heating limitations of transformers and tests of transmission-lino rtability. 

The engineering organization responsible for the design and construction 
of the project should gather and turn over to the o]HTnting organization com¬ 
plete detail plans of the plant as actually conrtnicled, together with manuals 
covering all machinery and equipment with the manufacturer s recommenda¬ 
tions as to care and maintenance. 

7. Hydrographic Data. Another factor of prime importance in the 
organization plan is providing lor an adequate system of forecasting river 
flow and power available. This will require the establishment oi rain gages 
in the watershed above Ihe dam and a number of river gaging stations. The 
number and location of these rainfall and river gages will, of course, depend 
on the size of the watershed and the tyjie nt plant. The needs of a run-of- 
river plant will lie entirely different irom those of a plant with considerable 
storage Tn ertablidiing gages, elo**e cooperation with rtate and federal agen¬ 
do- is very desirable. 

Additional river gages will be needed to record backwater levels in the 
reservoir area for use in connection with possible damage claims. It is wise 
to have these gages installed a year or two before the raiding of the reservoir 
level so that direct compaiison of water levels before and after the dam can 
be made. Also it is well to make a surve> oi lugh-waler marks before the 
construction of the dam because many of them may be lost by the raising of 
water levels, by denth of flic observer, or by his moving away. In some eases 
high-water-mark testimony has been perpetuated b> the* deposition of wit¬ 
nesses in court proceedings during the early period oi operation. 

Along this same hue, it is a good plan to makp provision for soeuring cross- 
sertinns of the reservoir at critical point-*—particularly at budge locations 
over the reservoir, when 1 the cross-sections ma\ be reproduced later for a 
record of silting. These ciu-s sections should lie taken in a mauncr Unit will 
permit their reproduction irom permanent marks on the ground, even after 
a lapse of many years. 

Provision should he made for the iiMallalion el automatic gages for water 
lcvcla uIkhiI the plant, more paifieularly, the headwater level athI the tail- 
water level in locations loa-t influenced by the velocity of flow to or from the 
generating units of the plant Whore the pool is large and the computation 
of inflow involves estimating daily p-mdage, it is o'ten mlvuiHe to install a 
wind-velocity and -direction recorder so that the natural pool level without 
wind may be determined with a fair degree of arniiary. ]n very large riser- 
voirs, evaporation ir iy be a factor of importance, in which eny* the installa¬ 
tion of a standard evaporation pun ma> I ■ desirable to furnish the means of 
making a complete accounting of the w iter storage. 
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8. Operator's Records and Reports. Provision should be made for 
taking readmits of indicating instrument? at least every hour, preferably every 
h*df hour, throughout the 24, and for one log sheet for every 24 hours to be 
sent to the main office for study and filing. Every case of unusual trouble 
should lx* reported minutely with all related facts. Any failure of apparatus 
should be fully covered with a report, and a copy of this report should be 
noted on the npparatuh card in the designing engineer’s office. A study of 
these curds at any time will give a complete history of each piece of apparatus. 
Such studies are particularly useful as collective information for groups of 
similar apparatus or for a comparison of the apparatus made by different 
manufacturers 

Log sheets are designed to suit the requirements of"the particular type of 
plant. Samples are easily obtained from any of the operating companies. 
In addition to the regular readings of generator, transformer, and circuit watt- 
hour meters at lived once a day, the log *hccl will usually include the following 
readings at hnlf-hnur intervals: 

1. Grmrator amperes, kilowatt**, renctive volt ampere**, exciter amperes, ex¬ 
citer lolls, and temporal lire. 

2. 7Wbme-gnto opening*, and hearing teiupeiatures. 

3 Ttnnsformtr umpcic? and temperatures. 

4. Station kilowatts, voltage, frequency, headwater lc*el, tailwater level, spill- 
gate opening*, hnes in senior, and weather conditions. 

The importance of a station may justify plotting curve** of wind direction 
and velocity, records of hourly precipitation, head- and tailwater levels, river 
flow, load, and capacity on the load—all of these preferably on a weekly 
curve sheet. The weekly chart provide* a verv useful record of plant opera¬ 
tion. When filed, all the Sunday* and other days of the week stack lip one 
above the other and all the characteristic variations by days show up nicely 
in their relation to earli other. 

In order 1o picture properly the part each plant plaj r s in the system econ¬ 
omy, the central office will need *nmo of the data from the plant log sheets 
for plotting composite system load curves and other details of operation. The 
data secured by the central office daily from each plant will include total 
kilowatt-hours, water used through the plant, water wasted over the spillways, 
total water u*ed, average tailwater rending* as a check on total discharge past 
the plant, headwater readings for use in determining storage, and such other 
information as will give the central office an accounting of the water used by 
the plant. 

In addition to tin* log sheets, the operators should make periodic inspections 
and reports on llie general condition of the plant. This U. particularly advis¬ 
able where settlement, leakage, sloughing of banks, scour, washouts, and other 
sources of 1 rouble may develop. These inspection reports by the operators 
would be largely for calling immediate attention to inijiending difficulties that 
may require more detailed study by the central office. These ]>cnodir reports 
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by the operator* should lx* sufficiently detailed to insure that the operators 
are vigilant. Daily insi>ection of certain items is nceoNjary; for other items 
weekly or perhaps monthly inspections may lx? sufficient. _ 

0. Cost of Operation. Finally, the personnel aud control facilities to be 
provided in any organization plan should be scrutinized carefully as to cost. 
The numlier of operators, the size of the maintenance crews, the cost of engi¬ 
neering, communication facilities, forecasting, and particularly the cost of 

routine records for the central office 
should bo justified by what each con¬ 
tributes to system earnings. Usually 
it i> wise to start the organization 
plan on the small side and build up 
later with new material that clearly 
justifies itself, rather than to start 
out lug and have to remove dead 
wood later. Although costs of opera¬ 
tion and maintenance will vary con¬ 
siderably according to the location and 
type of plant, it is of value to have 
some guide 1 against which a proposed 
organization plan can be 1 measured. 

Annual costs for operation and 
maintenance are more or less propor¬ 
tional to the capacity of the plant 
and the nmulier of units. There are 
some plants of 5000- to 10,000-kiv 
capacity where annual operating costs 
before World War IT ran from $4 to 
$7 per kw of installed capacity, yet 
there are other plants of the same 
size where annual costs were less than 
$12 per kw. A modern plant even as 
small as 5000 kw, if it ha* a reasonable amount of aulohialic or remote- 
control equipment, need not cost more than $112,000 to M 5,000 annually for 
operation and maintenance. For large modern plants of lOO.(MX)- to 200,- 
000-kw capacity, the annual co^t of operation and maintenance may Im 1 as low 
as $0.75 to $0.90 per kw of rapacity. In older plants with a larger liumlicr of 
units and different types of units, annual costs run considerably higher. 

In Power Supply Economics the authors, Justin and Mervine, give a com¬ 
posite picture of plant operating ec ts that is representative of some thirty 
plants in different sections of the country. The tabulation is a revision oi 
their figures, the increased labor co**N ot more recent years licing considered. 
This revised table uviv Ik? -^ken as tvpiral of annual co*ts for the period 
19.16-1940 for operate n and niiuntennner of plants installed since about 1920. 
Figure 3 shows the same data in graphic form. 



Fia. 3. Typical probable cost of opera¬ 
tion and maintenance per kilowatt per 
year for liydiocli'clnr plant a installed 
since 1020 Costs are applicable lo the 
period 1036-1940. Tmnsnii^ion, sul>- 
slation, accounting, real estate, and 
general office costs are excluded. 
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Capacity of Plan), 
kw 

10,000 

20,000 

40,000 

75,000 

125.000 

200,000 


Typical Probable Total 
Annual Coat of Opera¬ 
tion and Maintenance 
at the Plant 
« 18,000 
30,000 
48,000 
75,000 
110,000 
160,000 


Typical Probable 
Cost of Operation 
and Maintenance per 
Kilowatt pur Year 
II. 80 
1.50 
1.20 
1.00 
0.88 
0.80 


Three figures exclude transmission and substation costs, also those related 
to accounting, purchasing, real estate, and other general office costs charge¬ 
able to the project. The costs given above should be used with caution anil 
only for a preliminary checkup of the organization plan. 


Operation of Equipment 

10. Duties of Plant Operators. There is a wide distinction between 
system operation m the nerihC of mi uni tuning service to customers and system 
operation in ilie mw of securing the* lowest pnMhle cost of power to the 
system. The first type of operation will be distinguished by the heading 
"operation of equipment”; the M'conil, by the heading ‘'hydraulic operation.” 
These two type* of ojjcrntion will be treated separately. 

Under the general orders of the load dispatcher, or system operator, the 
plant operators control all generating equipment and all apparatus regulating 
the flow of electric power to or from their plant. They watch lubrication, 
bearing tenqieratures, generator and transformer temperatures, and ade¬ 
quacy of cooling water supply, and they see lhat none of the equipment is 
operated beyond safe limits. They report operating renditions to the load 
dispatcher at assigned regular intervals. The operators raise and lower crest 
gates and control river levels uuder the general direction of the plant engi¬ 
neer or the person rwininsible for hydraulic operation. 

The operators should In* supplied with detailed emergency instructions, 
including tho*e for short circuit, fire, floods, and injuries to operators, espe¬ 
cially electric shock. Their instructions should cover the immediate steps 
to he taken in restoring service regardless of w-hethcr communication is avail¬ 
able or not. These instructions should cover all types of interruptions which 

can be foreseen. . . . . 

The operator in charge of a shift must not only have a solid background of 
operating experience nn.l n detailed knowledge of all the hydraulic and elec¬ 
trical equipment in Ilia own plant but he must also have a knowledge of the 
operating facilities of the system to which his plant is connected. He must 
know the limitations of all generating, transmission, and substation equipment. 
Above all the operator must be able to mcel the test of clear tbrakmg m 
sudden emergencies. Training of the operators should renter around how 
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to prevent outage*- and how to restore service promptly if outages occur. This 
training should first include thorough grounding in the handling of liydrmilic 
equipment, particularly pumps ami governors, liecauHc they must be operat¬ 
ing properly before service can lie restored. 

Each operator should be given a complete description ol the development, 
and a set of plans, ns well as instructions for operating special pieces of up- 
jiunitim, sluice gates, head gates, crest gates, and similar equipment so that, 
no matter what his regular duties may In*, lie may know the duties of others 


and prepare himself for advancement and for emergencies that may arise. 
In this connection an instruction department for a large power system is well 
worth while. The duties consist of furnishing eaeh operator with eoinplele 
and accurate information about the particular plant that he operates, and 
then making sun* that he understands his instructions perfectly and memorizes 
them. Unexpected examinations at the plant provide the Follow-up that is 
necessary. The instruction department may provide further incentive for 
improvement by conducting bogey contests for generating effirienov with prize 
awards periodically to the winning groups. 

To help in keeping the men up to date as well as to promote a spirit of 
cooperation it is distinctly advantageous to arrange for ojierator- to visit 
other plants on the system and the men with whom they deal over the com- 
nmnicjition lines. Every plant should see that technical magazines are made 
available to the men. Some companies go s n far as to provide for regular 
classes in mat hematics, physics, electricity, and hydraulics. 


11. Dispatching of Loads. All instruction- for the operation of the gen¬ 
erating and transmission astern center in the load dispatcher. His primary 
duty is to maintain continuity of service from the generating plants to the 
substations, and he will give general orders to that end to the plant and sub¬ 
station operators. He will issue permits and releases on system equipment 
lie will give specific orders for restoration of service in emergencies. He will 
designate the loads each plant is to carry, the amount of reserve to be pro- 
vided, nad the extent to winch it ,< to carry the speed relation of the *vKlem. 
In nsMpnng load- he will be gmded by general plans for system economy, yet 

out t e r e,, |l e “ PO,i " h,r f0r thp l’ 1 ' 1 " 1 mWo..»fi«nK to 

out tiieir liest economic*-. 


The art uni dispatehinR of load- is beat done orally, liy telephone or wired 
wireiess, by one man only. ITe i...m have had extensive actual ev,K>rienee 
m operating Nothin, leas will do. On a large svetem, i„ cnee ofcm~y 

K i fi e . T^ T may bp by the chief dispatcher to divid.m 

dispatchers located closer to the plants and eminently 1 aving lieOerTin 
munieation with the plant operator* K , Pr c,,,n 

recording frequenej and cumulative tune error. Radio equipment is gen- 
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orally provided for receiving weather reports and time signal*. These facih- 
ties may bo supplemented on large systems with some form of telemetering 
or long-distance recording in the ( oad dispatcher’s office of such strategic data 
as tie-line loads, mam generating-station loads, voltage at controlling points, 
and river levels. 

The miniature system diagram in the load dispatcher's office will show every 
generating unit, every switch l>etwecii the generating units and the low-tension 
side of all substations, and the connecting transmission linos. All apparatus 
that is alive in the system shows a red light or a rod plug on the board. These 
are sot by the load dispatcher in accordance with his oidors to the operators. 
This gives a visual representation of the entire system for the use of the dis¬ 
patcher and also apprizes the relief dispatcher of conditions when he starts 
his shift. 

The load dispatcher's office is the clearinghouse through which all plans 
for maintenance of major equipment pass. Generally the load dispatcher 
issues permit^ or releases of mam generating units, transmission lines, and 
substations, but the actual issuance of liold-off cards for tagging equipment 
not to be operated is usually handled by the main generating plant operators 
or by division load dispatchers— each for his own station or seclion of the 
sVstem. For the protection of the men working on Ihe lines or equipment, 
the system of providing clearances must be covered by rigid anil inflexible 
rules of procedure. 

The load dispatcher will receive hourly or half-hourly reports from all 
operators on the system in order that he may know fully all the generating, 
traiisiuisHon, ami weather conditions. He will endeavor to anticipate all un¬ 
usual operating conditions and be prepared to meet them. Dark clouds over 
a city, a bad storm, a sudden flood, or deet may require sharp changes from 
the schedule* he previously unsigned for normal conditions. The load dis¬ 
patcher is usually able to predict storm condition* accurately by knowing the 
lime, place, direction, and velocity of the storm when it fird strike* liis system. 

12. Emergency Operation. To protect service during storm periods, 
it has been common practice to cut a large system into several sections operat¬ 
ing indc]>cndeiillv, so that the effect of lightning fladiovers may be minimized. 
The loss of efficiency for tlic i>eriod of ihe storm lias usually not been a major 
consideration. Within recent year* many systems have been provided with 
adequate relay protection nml high-speed switching and now oiiernte tied 
together through tail *tonn periods. Many of these systems, however, con¬ 
tinue to carry a sufficient amount of rolling reserve so that, in the event of 
n break, each section can earn- it* own load. Companies which have equipped 
their section tie lines with overhead ground wires and underground counter¬ 
poises, expulsion gaps, etc., consider the lines practically lightniugproof and 
avoid operating the extra section reserve. 

In addition to having fixed instructions for restoring service in his own 
station, each plant ojieratur should have rigid instructions for energizing lines 
to adjacent stations in emergencies, without waiting for authority from the 
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central load dispatcher. For their own protection, all plant and substation 
operators and all patrolmen on the system should memorize the** instructions. 

The broad problem of system operation in emergencies is outside the scoi»e 
of this chapter. It is a study in itself. For such an analysis reference is 
made to an excellent article by William It. Hamilton, entitled ‘Thinning for 
Emergency Operation/' in the Edison Electric Institute Bulletin for December 
1036. 

13. Plant-loading Schedules. It iH dchirablo that the load dispatcher 
prepare his plant-loading schedules on the da> preceding their application. 
The load dispatcher's estimate of the load to be carried will take into account 
the day of the week, the weather conditions expertnl, whether the temperature 
will be higher or lower than normal, and probable changes in major industrial 
plant operation. In his assignment of loads to the individual plants the load 
dispatcher on a large system may be guided by a general load-allocation plan 
supplied by the system planning head. Factors entering into such a general 
load-allocation plan are discussed under “System Use of Hydro” in Sections 
44 to 55, inclusive. 

The load dispatcher will first take into account river conditions at the hydro 
plants, to be sure that all energy available from them will be used, and then 
assign the balance of the load to steam plants. In his plant-loading sched¬ 
ules, the load dispatcher keeps in mind schedules for planned outages for 
maintenance. Steam-plant outage -chedules foi maintenance of boilers and 
condensers are an important factor. 

It is customary for the load dispatcher to have his plant-loading schedules 
for the following day made available to the plants by three o’clock in the 
afternoon. This gives each plant crew adequate time to plan their main¬ 
tenance work on idle units and to see that the necessary supplies and per¬ 
sonnel are available. The actual load they may be railed upon to carry the 
next day may vary somewhat from the schedule, but, if there are several 
generating plants on the syvtoni which can divide the change in load, the dif¬ 
ference between scheduled ancl actual load will be small. 

14. Reserve. The matter of providing adequate reserve to cover pos¬ 
sible emergencies will gmern lo a large extent the assignment of sleam- 
plnnt loadings. It is common practice to provide a running reserve equal to 
the load carried by the hugest unit of equipment which mighl fail. It is de¬ 
sirable that this running reserve ^c divided so that n proper share of it is 
available to each section of the system. 

16. Control of Frequency. With the almost universal use of electric 
docks the load dispatcher musl not only maintain constant frequency but 
also keep accurate time from hour lo houi. Wh’^e hydrogen ernors arc now 
being built which, on isolated load, will Mutnimtically maintain rlose frequency 
and time, these governors may have to operate in parallel with less sensitive 
governors. Under Hi M h com i it ions, system frequency miy oscillate above and 
below average several times a minute. Then, too, the average frequency may 
vary considerably with the load tieing carried, unless the governor settings are 
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periodically adjusted. This can be done either manually by the ojKTators or 
by automatic equipment designed to do the same thing. 

The load dispatcher will designate for the different periods of the day which 
plant is to bo responsible for keeping accurate system time. Other plants will 
then regulute the load on their tie lines to the frequency-regulating plant. 
When a plant is assigned the responsibility of keeping accurate time, the 
operators may have to adjust the settings of the governors every 3 to 5 min¬ 
utes. Where the loud curve is relatively flat, the governors may carry accurate 
time for periods of 30 minutes or longer without time departing more than 
1 or 2 seconds from standard. 

Interconnections between large systems with relatively light tic lines have 
emphasized the importance of maintaining exact frequency on each seciion 
of the system so that the wider swings in tie-line loadings may be avoided. 
To do this, close analysis and coordination of the action of individual gov¬ 
ernors is necessary. It is to be expected that the load dispatcher will in the 
future be required to add to his duties the assignment of the individual set¬ 
tings of the governors on all major generating units. These settings will be 
determined by the contribution desired of the individual governor, first in 
stabilizing normal system speed; second, in bringing on rolling reserve quickly 
to Toplaeo loss of generating capacity; and third, in regulating load chunges 
on the unit so that its incremental oflicimcy will be kept in balance with other 
units on the system. 

16. Lubrication and Care of Hydraulic Turbines. For long life and 
efficient service, proper lubrication of every wearing surface of the turbine 
is essential. Yet the problem is not simple. It requires close attention to 
del alls on the part of the designer and intelligent care on the part of the 
ojicrating organization to be sure the right grease is used and that it gets to 
each bearing regularly and in sufficient quantity. Turbines may run for 
years without attention, sometimes even willimit proper lubrication. Al¬ 
though wear is a rather *low prongs at first, and seldom involves an outage 
of a unit while needed for load, the over-all efficiency of the turbine may be 
very seriously affected in a relatively ‘diort time and the ultimate life and 
value of the unit seriously curtailed. Tn the design of the turbine, means 
should be provided for convoying grease to every important bearing surface 
from a convenient central location. Individual leads to each bearing are de¬ 
sirable when the lines me long or where the division of grease between bear¬ 
ings cannot be obscrvinl. High-pressure grease-gun systems such as the Ale- 
mite have proved effective in getting the right kind of grease through long 
leads. 

The lurbine-gate rigging contains many heavy parts in continual motion. 
There may be 20 guide vanes and as many seta of pins and links tying them 
to the shifting ring—altogether jierhaps 100 bearings to watch. Much of the 
maintenance cost of a turbine centers around the prniwr care and adjust¬ 
ment of this mechanism. The pins and links on the shifting ring, where 
not submerged, do not require as much attention. The upper and lower 
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guide-vane bearings are the imjHirtant places to walrh. It i* eaacntiul not. 
only that these guide-vane hearings be adequately lubrjeated but also that 
the jacking in the stuffing boxes oil the guide-vane stems be kept in good 
condition to avoid leakage that might carry silt and other material into the 
bushings and induce very rapid wivir. Cutting down the leakage will mean 
less silt and less wear. 

It is a good plan to establish at the outset a lubrication schedule which 
will show the frequency of the lubrication and the quantity and grade of 
lubricant to be used. The amount of lubrication required will (leiiend prin¬ 
cipally upon the amount of regulating which the turbine does. Whereas 
greosetight bearings can ordinarily be kept well lubricated by the use of 
grease guns once a dav, turbine^ doing considerable regulating may require 
applications of grease three or four lime*. a dav even when the turbine is new 
and all fits are close. At the start a hlieral 1ml definite schedule of greasing 
should lie followed at lea^l until turbine inflections demonstrate that a de¬ 
creased schedule would be adequate. Where the water used b> the turbine 
carries considerable *i!f and corrosive material, more frequent applications of 
grease should be made. As wear progresses the greasing should be done at 
more frequent intervals. Most companies consider it wise to encourage the 
use of plenty of grea.se. 


The grease should have a consistency that will assure uniform movement 
through thp loads under nil temperature eonditinns Its composition should 
l>e Mirh that it will not scpaiate, cake, or harden in the leads or bearing.. Il 
should have no tendency to corrode. Any grease that n used in locations 
cuqmsed to flowing water should have adhesive qua line. , m d should show 
no tendency to en.iils.lj when submerged for long periods. Greases contain¬ 
ing fillers such as asbestos, mica, talcum, or chalk should lie avoided because 
they will sepaiale out and clog the passage. Sodium-base greases with their 
high melting point, good stability, and fiber-like structure are suited to places 
when* the duty is hcaw and temperatures may run fairly high, lint they an* 
not resistant to water They should not be used for 'submerged bearings. 
CRlemn.-I.ase grea.es that are re,slant to water can be made, but care must 
ic exercised in making a s,.|ori „ n because inanv of them disintegrate gradu¬ 
ally when submerged. Stable lead- or aluminum-base grease, (hat have 
stocky, adhesiic qualities and no tendency to slump or flow except under ...as¬ 
sure are very satfuelr„v, particularly for the guide-vane l>eurings *,„d f or 
underwater service, taw,*. they an* not affected by water. The fa t tha 
the aluminum-base greases have a tendency to become more rohesive whb 

rn1hOT with tho 

.. 17 '. Car * of B * ain Turbinf Bearings. The thrust lieanng requires close 
at ention. It it the most heavily loaded and most important bearing on any 
generating unit J.b u , measuring tlmwt-bearing t.anperatur^ sbrmld e 
provided aswcll as indicators for showing the flow „f oil and of ^ water 
to the bearing. Reading. 0 | thrust-bearing temperatures preftTably should 



CARE OF MAIN TURBINE BEARINGS 1080 

bo taken from thermometers with their bulbs located in the bearing rather 
than in the nil. The readings should be regularly recorded on tho station 
log sheets by the operators, and checks should he made by them at the same 
time for flow of oil and water. It is essential that some form of alarm be pro¬ 
vided to gi\o warning in case of failure of the supply of cooling water or oil. 
The alarms should be checked periodically to make sure they are always in 
working order. On heavily loaded bearings it is particularly important to 
watch the action of I he lie uring when the unit is started from rest, as this is 
the time when ihe bearing can most easily be damaged. 

For turbine 1 steady bearings of the w T atcr-lubricated lignum vitae or rubber 
type, sufficient water should be used to kpep the entire bearing shell saturated. 
To be sure this is done it is desirable that some excess w*ater be allowed to run 
out at the top. The amount of water flowing out of the bearing shell at the 
bollom through the packing gland or sealing device must be watched and 
not allowed to heemne excessive. In some cases the suetion down through 
the bearing may be suflirient to draw the waiter right on through the bearing 
without letting it remain there long enough to accomplish saturation and 
piupor lubrication. Renewal of the packing gland or sealing device should 
be undertaken before there is any danger of lack of sufficient water for lubri¬ 
cation. Where the water for the bearing is conveyed through pipes it will 
usually prove desirable to pass the water through a screen filter located where 
it can lie cleaned conveniently. Operating convenience usually justifies a 
double screen filler «o that one screen can be removed from r^ervice for clean¬ 
ing without interrupting the flow of water. The screens should be cleaned 
at «niflieiently frequent intervals to prevent clogging. The danger of frazil 
or cake* ice (‘logging the screens should lie guarded against particularly. Suit¬ 
able devices indicating the flow of water should be provided and observed at 
regular intervals because lark of -aifTipicnt water will soon cause the bearing 
to burn out. 

Where oil-lubricated, babbitt-lincd steady hearings are provided, continuous 
circulation of the oil through the hearing is necessary. If the feed is by grav¬ 
ity from a tank above Ihe bearing, the oil level must be continuously main¬ 
tained. Lacking oil, the bearing will be ruined in a few minutes. Duplicate 
pumps for circulating oil arc desirable. They should be arranged bo that, if 
one pump fails, tho second immediately cuts in, at the same time sounding 
an alarm, thus not only keeping Ihe flow of oil continuous but also notifying 
the operator immediately of the trouble. Many of these bearings have been 
in use over a long period of years with very little operating trouble. One 
company reports having such bearings ou two units accidentally submerged 
and kept running under load for several hours with only water for lubrication 
without damage resulting. Thi* type of bearing should lie provided with an 
oil-flow indicator, a low-oil-flow alarm, a bearing temperature indicator, and 
a means of observing presence of water in the bearing oil resepmir. Under 
certain river conditions there may be a tendency for water to enter the oil 
reservoir throush the packing glaml at the bottom of the bearing. To avoid 
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thin, tho packing gland should be kept in good condition and reasonably 
light. 

Rending* of bearing temperature should lie recorded by the operators at 
regular intervals, and at the same time the flow of oil to the bearing 
should be checked. If water coils are used for cooling the oil, the flow of 
water should be checked at the samr time. Water coils must be cleaned regu¬ 
larly to minimize the danger of dogging. It is UMially desirable to change 
the oil in these bearings at least once a year. Where the Hame oil is used 
summer and winter and the climate is severe, an oil with a minimum variation 
in viscosity with temperature change should be selected. 

Horizontal bearings of the ring-oiling type are very reliable and require very 
little attention. The main thing is to be sure that the oil level is maintained 
at the proper point and that the oil rings are rotating with the shaft. The 
oil reservoir should 1 h* examined from time to time to make sure Unit it is 
free of foreign matter. 

Ordinarily the name nil may lie used for all turbine bearings. It should be 
a high-quality, straight mineral, medium-heavy oil with a viscosity of about 
250 seconds Savlralt at 100 degrees Fahrenheit. A very effective method of 
keeping the oil in good condition is bv means of a continuous by-pass system 
working in conjunction with a centrifugal oil hoparntor. Where the oil can¬ 
not lie treated by Mich a system, provision should be made for rrenuditioning 
the oil once a year nr oftener. The oil should be allowed to stand idle for 
10 days to settle out impurities, then filtered, Tt is lint good practice to add 
more Ilian 10# new make-up oil at one time to a batch of oil in service 
because of the danger of foaming. 

18. Care of Hydroelectric Generators. Generators should be cleaned 
at frequent intervals to keep dn^t ami foreign matter from accumulating on 
the windings or in the ventilating durts. This applies with jiarlieular force 
to generators not provided with closed air recirculating systems. If the dust 
is not removed a firm deposit may build up and eventually clog the ventilat¬ 
ing openings of the generator, causing undue heating or reduction of capacity. 
Various methods arc available for removing the dust. Usually an air jet or 
strong suction is sufficient foi (lie purpose. An air jet should bo free Trofti 
moisture and should not have too high a pressure behind it because of the 
possibility of injuring the insulation. ArcesMble parts can be cleaned with 
wiping rags. In some cums it ma. In* practicable to surround the ventilating 
openings on tho outMdo of the generator wiUi canvas and to »*xhnust the air 
with a blower of sufficient capacity to produce a good flow of air through 
the ventilating openings within the generator. An air-pressure jet can then 
bp used from the inside of the geneiator to loosen +hr dirt. Ify removing the 
dust to the outside of the building thc^c is less danger of dust being recircu¬ 
lated through other generators in the station. 

Oil should be kepi fiom ilie generator windings nt all cost**. Oil not only 
is injurious to the insulation of the windings, but hKo it is an attraetion for 
dust, which sticks and cakes until it is next to im possible to remove the 
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deposits. Because of the danger of unseen deterioration of the insulation and 
a ruinous short circuit later, no oil leakage should ever be permitted to con¬ 
tinue and every efforl should l>e made to see that oil vapors do not enter the 
air stream circulating through the generator windings. Megger tests of the 
generator windings should be made periodically. 

19. Care of Governors. A governor consists of a rather delicate, intricate 
train of linkages and valves. If any one part in the system of linkages and 
valves fails to fimetion properly the whole governor fails in its purpose. 
No item of power-plant equipment is so quickly and vitally affected by dirt 
accumulation und insufficient lubrication as the governor. Lodging of a 
particle of dirt in tlie pilot valve causing it to stick is a typical and perhaps 
the most common source of trouble. Binding in some of the bearings due to 
lack of lubrication, gumming of the lubricant, or dirt accumulation is another 
frequent cause of trouble. 

The importance of keeping even- part of the governor clean and properly 
lubricated cannot be o\ereiu]ihasized. It should be wiped scrupulously clean 
each day with clean, lint-free rags. Lint might get into the vital parts of the 
governor and cause trouble. All bearings in the governor mechanism should 
l»e oiled at regular and frcquenl intervals to keep them working freely. A 
governor which is kept dean and well oiled will operate for many years with¬ 
out appreciable wear or change in performance. 

The oil used in the gn\cmor system may well be the same high-quality, 
straight mineral oil that is used for the liearing lubrication system, but some 
manufacturers prefer a light-bodied oil with a viscosity of about 150 seconds 
Saybolt at 100 degrees Fahrenheit. The nil must be kept clean. Recondi¬ 
tioning of the entire oil charge by settling and filtering is advisable at least 
ones a year, and oftener if there is much chance for dust or dirt to enter the 
system. 

If the governor oil heats considerably, watch out for a leaking check valve 
or some similar condition causing nn excess circulation of the oil. Periodic 
chocks should lie made of lenknge by the amount of pumping that is re¬ 
quired both with the unit on load but not regulating and with unit shut down. 
The check on leakage should include the main regulating cylinders to lie 
sure not only that there will lie an ample margin of power to close the gates 
in an emergency but also that the icsjionse of the gutes to the governor pilot 
is prompt. The oil pumps must be walelied for leakage of joints, tempera¬ 
ture of lieanngs, and uoisc. Operation of automatic devices for starting and 
stopping the pumiw and for preventing excess pressure should be watched 

Governors that are properly installed and completely adjusted during the 
initial period of operation seldom require any cliange of the primary adjust¬ 
ments thereafter. Many governors operate satisfactorily for years without 
any change of the pivot i>oint or dashpot settings. On account of its delicate 
and involved meclianism, any adjustments of the governor that are necessary 
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should Ihj made only bv some 1 out* who in thoroughly familiar not only with the 
design and operation of the governor but also with the type of regulation 
needed for the system. 

Maintenance 

20. Good Housekeeping. Maintenance of the plant and its equipment 
should be well organized before the plant is put into regular operation, and 
the Brut rule laid down should be one insisting on good housekeeping. There 
is nothing that indicates the character of maintenance better than good house¬ 
keeping. Invariably careless housekeeping and careless maintenance are syn¬ 
onymous. One accumulation of debris invites another. Likewise, a bright 
clean plant inspires attentive rare for every piece of equipment. A clean 
plant is generally a wife plant. Good housekeeping can often be encouraged 
by assigning definite parts of the station to different shifts; this fixes respon¬ 
sibility and creates competition. 

21. Inspection Schedules and Reports. No single item about the oper¬ 
ation of hydroelectric plants is more important than inspections. In addi¬ 
tion to the routine inspections by the operators, previously described, every 
plant should set up a rigid system of scheduling inspections anil maintenance 
to serve a twofold purpose: first, to secure adequate maintenance; second, 
to record the Instorv of individual pieces of equipment. For a large plant 
the system may well take the form of a master ^rhedulc giving the dates 
equipment is to be cleaned, inflected, or overhauled. From this master 
schedule, sheets may lie made up and given to the mainteuanee foremen, to 
be returned at the end of the week with a report of the work done. A follow¬ 
up for unfinished items and a standardized method of recording the data 
chronologically for each individual piece of equipment would complete such 
a system. 

Where a number of smaller plants an* served by maintenance crews moving 
from plant to plant, the master schedule would originate wilh the division 
supervisor of maintenance and he prepared for the grout) uf plants for whieli 
he is responsible. It b very desirable that all maintenance foremen keep 
diaries of their work. 

Every plant .diould bp given a thorough general inspection by n competent 
man at least once a year, preferably in low-water Rummer periods when 
weather conditions are favorable and the lurbiurs may be shut down without 
loss of power output. Besides providing an historical record of renditions 
throughout the plant these indejicndcnt inspections pick up many little* details 
that would otherwise pass imnotice !. Such ins]K*e(ions should take particular 
note of leakage past the dam or any deterioration of materials that would 
affect the safel} of the dam or other strut lures, and they should show the 
general level of hou*«ekc*c*pi:.g and maintenance in comparison with other plants 
of the system. App I’atUi* is inspected vul methods of uiierutiun are reviewed. 
Notes are made on fire and accident prevention. 
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It is desirable that the results of the official inspection be tabulated on a 
standard form containing space for remarks on every part of the develop¬ 
ment. The tabulation might even include such minor items as amount of 
driftwood in the pool, condition of railings, roadways and painting. In fact, 
each report would be intended to cover a minute inspection of every feature 
pertaining to the successful operation and maintenance of the station. 

22. Turbine Inspections and Maintenance. Long life and dependabil¬ 
ity arc easy to attain if turbines are properly cared for and maintained. To 
be sure of such results it is important tnat inspections of the turbine pit be 
made frequently and on a regular sch<*dule, supplementing these regular in¬ 
spections with adequate* and prompt maintenance. The old slogan "keep up 
maintenance” has a foundation in sound economics. tVcar of turbine parts, 
particularly in the gate mechanism, is compounded; one thing leads to an¬ 
other, so that a major problem may be developed from a relatively minor 
lack of maintenance. A little correction at the start of n difficulty will be the 
chea]»est defense against serious and perhaps jiermanont loss. 

As a trouble indicator, it is desirable that dial indicator readings be taken, 
preferably dailv, to determine the oscillations of the turbine shaft. If these 
reading" are taken from fixed locations and mountings and records!, they give 
an excellent indication not only of wear in the mam turbine bearings but also 
of foreign material lodged in the runner. The readings taken before and 
after bearing adjustments are of particular '"nine. 

In connection with the maintenance of turbines particularly, it is important 
to keep an adequate apparatus record Apparatus cards for the turbine 
should show the date's and results of inspections, adjustments, and repairs. 
The various clearances taken during a turbine inspection are usually recorded 
on a regular form. These records are very important because in manv cases 
wear and changes are loo gradual to lie otherwise detected It is only by 
slmly of these apparatus cards that the causes of some of the difficulties and 
their remedy will lie apparent. 

Ill preparing for woik in the wheel pit certain precautions should be taken 
for the protection of the men. An ample supply of fresh air is essential, 
particulaily in warm weather. In cold weather it should lie heated to mod¬ 
erate the wheel-pit temperature. Venlilauon must be adequate when consid¬ 
erable oxynceti lene burning is required. Where necessary, foul odors from 
decaying vegetable matter can be relieved by steaming the wheel pit for 
several hours before the men enter. It is desirable that air-driven tools and 
T2-volt lighting be used in wheel-pit work if at all possible. Two sources 
of lights should be prowled. When a wheel pit i* unwatered during freezing 
weather, care should be taken not to allow the air temperature in the vicinity 
of the turbines to fall below freezing. Occasionally water or mud inside the 
hollow turbine gates has frozen and exploded the gates. Other parts of the 
turbine or appurtenance can be severely damaged or wrenched by the freez¬ 
ing of trapped water. 
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Without attempting to give a complete outline, the following arc some of 
the steps to l>e taken in making turbine inspections, It is assumed that the 
inspector has provided himself with sets of thickness gages and the indicators 
necessary to measure the various clearances properly, that he has ut hand 
any memoranda recorded during previous inspections, and that he has made 
himself thoroughly familiar with the history of the particular unit being in¬ 
spected. Procedure might be about as follows: 

(а) Clean the water passages of any driftwood, stones, or other d6bris 
that may have been lodged inside. Install the necessary facilities for making 
the inspection conveniently. Clean the inside of the scroll and other acces¬ 
sible parts in the water passages jieriodicaliy to remove deposits of haeterial 
growth, etc. The uutliois know oi one plant where 650 to 950 hp was re¬ 
stored to each 54,000-lip unit of the plant by scraping the surfaces with a 
steel hoe. The bacterial growth at time of removal had accumulated over a 
period of 18 years, and the cost of its removal averaged about $300 \rcr unit 
in 1047 Scraping with steel hues or glass is more effective than sand blasting. 

(б) Closely examine the nimipr and guide-vane surfaces for pitting. ThiF 
will include in particular the top and bottom sides of bucket* near the outer 
band, also the runner discharge ring, and the top, bottom, and sides of the 
guide vanes where the seals occur. Tf pitting is occurring it will deserve 
special notation and study along the lines indicated under the next parugiapli 
heading. Orca*e the guide vane* in the usual manner, and note how the 
grease comes nut of the top and bottom licarings. 

(r) Examine the gates for signs of wear, breakage, or bending of the thin 
vane edges due to foreign material Make sure of sufficient clearance top 
and bottom to assure freedom of movement. Note condition of gaie-^lem 
packing glands, and renew packing if necessary. Examine the gate Jinks for 
wear, the Itearings on the shifting ring, on the connecting rod, and on the 
regulating shaft to see if any are due for replacement. Record the clear¬ 
ances of all hearings. 

(d) With the aid of thickness gages, measure and record the runner clear¬ 
ances around the periphery of the runner band at each quarter point, also at 
the corresponding locations on the runner crown. 

(r) Measure and record the clearance between the steady bearing and the 
Bhaft on the quarter points corn*]mmling to the locations uaed for recording 
turbine-runner clearances. 


«>*** the , rWordpd ^™n«. PS in their relation to those previously 
recorded. Where adjustment i» possible, take up the bearings to correct for 
any appreciable wear that has omi.rcd. 

(p) Close the guide vanes tight, and note leakage areas. If any turbine 

52L , ,° r 1 : r ° k ™ they “ '* Enlightened and reared. 

Where scale has wmii,litre, along ihe closing edges of the gates they should 

be scraped dean. \,,L the a,d of thinness gages measure and word the 
leakage clearances at the top, nuddle and bottom of tbo vanes. Closure of the 
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gates should Ik* uniform over the full length of the gate, and all should lie 
reasonably tight. 

If any of the gates stand often, closure usually can be accomplished by 
adjustment of the eccentric pins in the gate linkages. Where no adjustments 
aro provided, eccentric pins or special links may bo machined and installed for 
the individual gates needing change. If it is impossible to adjust one of the 
gates for closure even with the maximum adjustment of its eccentric pin, a 
complete readjustment of all eccentric pins will he required. To do this, 
first set all eccentric funs to give maximum opening of the gates. Then close 
the gates carefully with the regulating mechanism until some of the gates are 
seated. Starting with a gate on whose thick end closuro is complete, adjust 
its eccentric pin so that the thin end of this gate seals ‘on the thick end of the 
next gate. Adjust successive gates in the same manner, proceeding around 
the turbine in the direction of rotation of the runner until all gates are seated. 

(A) On completion of the inflection and repairs, and just preliminary to 
the closing of the wheel pit, apply grease to all wearing surfaces, taking par¬ 
ticular care to grease well those bearings that are accessible only when the 
wheel pit is imwatcred. 

(i) Oiien and close the wheel-pit drain valve a few times to make sure that 
i1 is in good operating condition and will not leak. 

(j) Clear the water passages and approaches to the turbine of any debris 
accumulated during the inflect ion, and make sure that all tools and equipment 
are removed from the turbine pit. 

( k ) Make sure that the pit manhole gaskets and bolls are in good condition 
liefore closing the pit. 

Where heavy parts are worn or broken, elertric welding is likely to prove a 
low-cost means of repair. This is true particularly of badly worn stems and 
shaft. They can be turned down, then built up by welding with stainless steel, 
and turned to original dimensions. This usually results in a longer-lived job 
than the original. Building-up worn sections of pins or shafts by the metal¬ 
lizing process has been receiving considerable attention as a still lower-cost 
means of repairing such parts. 

23. Turbine-runner Pitting. With the improved draft-tube efficiencies 
that have been obtained and with the tendency toward higher specific iqieeds, 
an increasing number uf installations have been exposed to turbine-nwnci 
pitting. Greatest economy is usually obtained with the design of the runner 
crowded close to the point where voids may form on the surface of the runner 
and produce pitting. High static draft head, high water velocities over the 
surface of the runner, and too much curvature on these surfaces oil the draft- 
tube side will increase the tendency toward pitting. While better knowledge 
of the causes of pitting may have resulted in designs closer to the point of 
jutting, knowledge of methods of combatting pitting have increased as well. 
For the story of pitting and its remedies, reference is nisdo to two publications 
of the Hydraulic Power Committee of the National Electric Light Association: 
"Pitting of Hydraulic Turbine Runners," April 1926, md "Welding of Water 
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Wheels," April 1931; trim to a MrGrnw prize paper, “Proveniicm of Pitting 
Caused by Cavitalion in Water Wheels," by T. C. Stubley, in the NJSIjJL, 
Bulletin for Septemlier 1932; and to an excellent paper by Jiimca M. Mousson, 
“Practical Aspect s of Cavitation mid Pitting," fid won Electric Institute Bul¬ 
letin , Septemlier and Octolier 1937. 

Frequent inspections should l»e nndc during the early stages of operation; 
if jutting shows up in any spot, eurehil records should be taken. Runner 
buckets should be iiermancntly numbered for identification of mitt's recording 
the progress of pitting. Many times it is jiossible to ascertain from the station 
records the type of operation which produces the pitting and thereby to 
learn how to avoid a major share of this difficulty. Operation of a turbine 
at Ihe gate opening required for the last kilowatt of maximum capacity may 
not lie justified where lulling w u factor. Extended period* of operation at 
high gate openings or operation a( verv low laihvater, particularly during 
hot weather, may be the times when jutting is most active cm the' draft-tube 
side of the runner. The liest mean* of whipping this problem is to keep a 
complete, accurate history of the' progress of pitting and to start a program 
of testing methods of repair or changes of de-ign before jutting has progress'd 
to the point of heing serious. 


In the majority of cases repairs by welding have- pro\od thr* most effective 
means of restoring a nml to its original condition. For light jutting \\ to h ill. 
deep over limited areas on cast-steel runners, one of the* mosl durable surfaces 
may be secured b\ chipping ihe jutted area down to clean metal and building 
back up to a full contour by electric welding, lining 1S-S stainless ptecl (lb% 
chromium, 8ft nickel) (Vue should be taken to distribute the heat of weld¬ 
ing as much as posable. Penning each layer licl^ relieve temju'rnluro singes 
due to cooling. The welded amis *hou!el lie ground to a smooth contour in 
places where the rough surface* might induce piitmg beyond the patches For 
successful welding in an overhead jmsition with IS-fi stainless steel ihe alloy 
should contain loss than 007", cm lain. For more deeply pitted Kim, it mav 
be advisable to weld up to within two bead* of the finished surface with a 
low-carlion steel then to use 01)P bead of , tr , liRl)1 ls , # rllromilim fin _ 

whinir off wilh the final ^urbrn of the 18-8 chrome-nickel „teel. Tins both 
reduces the cost of wel.hn* .,„d results m a better bond and a more uniform 
Kr,illation of properties fiom the parenl metal 10 the surface, Where hm. 

Some wheels have been Mieeessf,dl y repaired by insertiue Ktninl.'se-Ktcol 
metals“deposited 1 hTirm P t!lltl n \ r ,ll M,r! ‘‘ "J , eopver m bro,,w r ,lntt ' H - 

sprt .s&s zz 

m*le too null, w«h re-ulton, ovoHw. of tb,- ®t™ »ril” 
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Pitting from this cause has Ixvn reduced by streamlining the overfuinging 
edge of the guide vanes on the pressure side. 

lotting of turbine runners is not so serious a matter from the standpoint of 
cost of maintenance us is often supposed. It is nol so costly a factor in water 
turbines as it is in steam turbines. Even in large plants where so-called "ex¬ 
cessive” pitting lias occurred, the cost of continuous maintenance has seldom 
exceeded $500 per unit per year or $9 per million kilowatts generated and has 
more often l»een about half of this amount. In one plant having fifteen 16-ft- 
diameter wheels in the “moderate” pitting class, the cost of pitting repairs 
over a 24-yeur period lias aveiaged less than $80 per unit per year and less 
than $2 per million kilowatt-hours generated. 

24. Generator Maintenance. Some of the items to cover in the regularly 
scheduled generator inspections arc given below. 

(a) Examine umiaturc insulation for any mechanical damage, for loose 
taping, and for the necessity of revarnishing. Check cording of armature coils 
for tightness. Cheek for loose or missing wedges in the armature slots. Watch 
for any evidence of oil leakage into the windings. 

(b) Inspect for loo^c lamina lions, and if any are found wedge them tight. 
Rust NjKrt 1 - will usually indicate where the laminations are loose. 

(r) Check for tightness of I lie bolts clamping the laminated structure of 
the rotor. Make Mire that the looking devices are in good coudition. 

id) Check tightness of parts attaching fi*ld poles to the rotor rim. In 
some rase* this will involve testing the tightness of bolts and in others the 
tightness of taper keys. 

(e) Check the interconnections between field poles, the insulating collars 
at the ouler edge* of the field pole coils, the condition of the leads between 
the field winding and the collector rings, examining particularly their insulated 
supports for tightness. Check (he collector rings for surfare eondilion and 
for eccentricity. Replace any short collector-ring brushes that might induce 
a flu-hover, 

(/) Cheek air brakes to be sure that they release properly. Cheek brake 
shoe* for wear. 

If/} Record clearances between rotor and stator with the rotor in four dif¬ 
ferent positions. 

(/,) Upon completion of any work on a generator, a careful insiiection 
should be made to be sure no tools or materials are left in the machine. A 
small piece of metal working into the air gap may be the cause of serious 
damage. 

25. Governor Maintenance. A thorough aunual inspection of the gov¬ 
ernor mechanism is the l»est way of insuring satisfactory ijerformaneo. The 
governor should be completely dismantled by a man trained for that par¬ 
ticular work. 

Pivots and bearings of the flyhall mechanism should be inspected for wear. 
All ball Waring* should lie carefully cleaned and immediately flushed with 
hot oil. The dashpot piston and cylinder should be cleaned and tested to see 
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that no frirtion is present. Friclion in the chwhpot will wnmwly effort action 
of the governor. The pilot valve uiul its bushing should bo cheeked for wear 
and if excehHivp both should be rrnewed. The l(curings of the restoring mech¬ 
anism should be checked for lost motion, and, if appreciable, the IohI motion 
ahould be removed; otherwise hiuiting may occur. Lost motion and friction 
are the enemies of good performance. 

The mechanism driving the fiyballs should he insporled to make sure that 
there will be no periodic vibration coming to the pilot valve to cause erratic 
governor action. In Ihe case of gear-driven flvballs, backlash in the genre 
due to wear should be watched. In the case of belt-driven fiyballs, the belt 
should be endless and the splices smooth. 

26. Trash-rack Maintenance. Keeping the trash racks of a plant clean 
is one of the major problem- of the operator. leaves, drift of all kinds, and 
ice may cause concern. In the colder climates, frazil ice may be one of the 
worst offenders and can be the most serious. Ice crystals may attach them¬ 
selves to the trash-rack bars *o rapidly as to completely shut off the water 
from a unit within a couple of hour*.. If this happens, collapse of some of 
the racks is probable. In some plants loss of service units on account of frazil 
ice would shut down the plant. I-ow velocities of approach in the fnrebay 
and deep intakes tend to lessen troubles from frazil ire. 

Anticipating the conditions favorable for the formation of frazil ice and 
detecting it* initial formation is uuportant. A water thermometer and a 
frayed rope or chum indicator m ihe water ahead of ilic tra-h racks usually 
will give sufficient warning to gel a maintenance rrciv on the job and remove 
the top rack* iu lime to prevent curtailment of plant output. When thi- is 
done, the possibility of trash entering the wheel pit must be reckoned with. 
Where the water passages in the runners are small, a station may have diffi¬ 
culty with frazil ice choking tlic* runners themselves, and a complete shut¬ 
down of Hie affected unit may he necessary for a period long enough to drain 
the pit and melt the ice b\ steaming Ihe wheel pit. Means of heating the 
trash-rack bars by steam or electricity ha\e been successful in some plants in 
permanently eliminating lra/il-u a e troubles. 

Many plants aie pimided vith mechanical rakes which are particulnily 
useful for the smaller rack bar '•'paring* and also fairly effective for some of 
the heavier material. In plants where heavy waterlogged tirnlier, tree stumps, 
and the like form the major pnrirm of flip debn* stopped by the trash racks, 
special grappling devices have proved effective. It is seldom necessary to 
resort to a diver to remote debn*, uhhnugli in simo types ot plants this may 
be required periodical!}. In some instancy it may be hclplul regularly to 
check the loss of head between ioiih* point ahead r »f the tiasli racks and some 
point in the penstock near die cut ranee. Considerable reduction of head 
may occur before the effect of drift accumulation becomes noticeable on the 
surface. 

In streams cany mg heavy drift, a fh a ting log boom diagonally aeross the 
current in the forebay is effective in diverting the major share of the debris 
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to the log sluice or spiliways over which the drift may be passed at intervals. 
Curtain walls in front of the trash racks also help in catching drift before 
it reaches the racks. Tn some plants the major part of the drift is co lle cted 
along the smooth curtain wall in front of the power-plant intakes and is 
hauled to the log sluice by means of winch and drug line 

27. Maintenance of Structures. In climates Hiihjert to frequent freez¬ 
ing and thawing, maintenance of concrete structures may present a few prob¬ 
lems. Surface, disintegration of conerete occurs when three factors are present 
in combination: (1) porous concrete, or porous aggregate in the concrete; 
(2) water in the concrete; (3) and freezing. Restrict any one of these fac¬ 
tors, and disintegration will be a very slow process. A well-proportioned 
dense concrete of 1:2:4 mix may never disintegrate in the presence of 
water and freezing. Even poor conerete saturated with water may suffer no 
disintegration if protected from freezing. 

Every flat concrete surface exposed to the weather should be given a slope 
of at least 1 in. in 5 ft and should lead directly to drains that empty clear 
of the concrete. Water should not be allowed to jiool up anywhere on exposed 
surfaces or allowed to dribble down vertical surfaces from drains or flat 
surfaces above. Exposed concrete surface's should be kept clear of anything 
that will hold moisture and should be sealed against tlie entrance of water. 
Cracks that occur in flat surfaces should be channeled out and sealed with an 
elastic compound that will bond to the concrete and that will not harden 
with age or crack in winter. Expansion joints should be watched closely to 
make sure that water cannot enter. 

In making repairs to disintegrated surfaces, for a permanent job it is usu¬ 
ally necessary to provide an adequate mechanical bond with the old concrete. 
Also, there must be no opportunity foT water to wp into or under the patch¬ 
work or roine up from below by capillary action. For thin sections the use 
of Uuiutp concrete is satisfactory if the above precautions are taken. For 
heavier sections, good dense concrete adequate!}' reinforced will bo the best 
answer if water seepage into or through the old concrete is cut off. Reinforc¬ 
ing should never come closer than 2 in to an exposed concrete surface. 

For outdoor ungalvanizcd id cel structures, one of the best paints is made 
of aluminum-bronze powder hi a good-quality vehicle. Care in the prepara- 
lion of the surface and in the application of the paint is essential for a durable 
job. Steel for an outdoor bus structure with ordinary exposure painted in 
1925 with one shop coat of red lead and two brushed coats of Pittsburgh 
standard varnish aluminum bronze powder in No. 20 vehicle was still in good 
condition 13 years later. Only a few exi>osed sharp corners near the base of 
the columns had shown any signs of rust. Where n lead-base paint is desired 
for outside steel, three coats should be used, each succeeding coat using a 
smaller percentage of drier. The first coat should be harder and less elastic 
than the last ho that when the outer coat hardens on expomire the film 
will lie of a mure uniform texture. The formula of the Metropolitan District 
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Commission of Massachusetts for red lead paint is a pood one to use. (See 
Publication Dl5 f Edison Electric Institute.) 

For best results with n red lead paint on fltecl that is lo be submerged, each 
successive coat should be harder than the preceding one, to resist the soften¬ 
ing action of the water. This gradation may be accomplished by adding vary¬ 
ing percentages of finely powdered litharge to the red Icnd-Jinnecd oil ba^e. 
For loralioiis like the inside of penstocks where veloeities may be high, the 
manufacturers may recommend fiermilngcs of litharge by weight ranging 
from for the first coat up to 10% for the third and lii*t coat. For steel 
in quiet water the recommended percentages may range* from nothing in the 
first cunt uj) to fi% in the third coat. 


Hot applications of bituminous paints have been used for underwater steel 
willi \arymg degrees of sureeas. Biturine and Bitumastic paints both have 
their advocates. In Electrical World for Aug. 18, J9.J4, J. S. McNair rciiorted 
the successful UhC of Biturine for the inside of penstocks. One job was re¬ 
ported in perfect condition after 7 years. He stressed the necessity of having 
a rough, but dean, sand-blasted surface to obtain a good bond. 


Few of the mam paint* and materials designed to prevent corrosion of 
underwater steel last more than 3 or 4 years, and the expense of trying to 
keep the steel in its original condition may easily run into considerable money. 
In places where the steel can he replaced re-ulily and where failure of the steel 
would not involve human life or the safel> of other structures, consideration 
should he given to letting nature take its course nil or the first pninl job. It 
may be better to let the steel de\elop whatever protective coating it can and 
then to replace the steel at the end of its useful life, rather than to keep clean¬ 
ing and painting the sled at regular intervals. This statement applies with 
particular force to trash-rack bars, skin plates of crest gates, penstock in- 
tenors, ami draft-tulip liners. 


. ire and Accident Prevention. Provision of adequate equipment 
or e prevention of acc idents and training in fir«t aid and artificial resu-ri- 

t:'"Z b r S0 ^ * CD tLp prm,t,, ‘° (,f ,J l* r ‘'«init ^nqmnies that it should 
ardly he necessary to emphasize then importance again. The National 

Safetj fanned Safe Practice pamphlets contain important recommendations 
oovenuR ..bjx-etion of eqmpment and kindling of matemls. 

mviW in^he\?« fir f (i ,r<),PttU ’ n ^ <01U “ e8 ' ,en1ijl1 - Infract ions should lie 

Jnd fir^ H U ‘i “ ,,r0per e ' 1n W“-«»w f- I* different t.v,x-s of fires, 
and fire drills and insertions shoidd be eondueted ns a foil.™, J n ih ’ 

matter of fire protection, it should he remembered that oil in any part ot the 
imwer station represents „ potential fire hazard. 0,1 should be stored where 
there is the leasable chance t„r a fire to st rt. Every effortiddW 
made to keep inflammable material from accumulating. 

la,, be .1* ™ 
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ingH in taken into consideration. Keeping outdoor structures painted and the 
grounds about the power station neat and clean all go hand-in-hand with good 
maintenance of power-plant equipment and fire prevention. 


Hydraulic Operation 

29. Duties of Operating Engineer. As distinguished from operation of 
equipment, hydraulic operation or the planning part of system operation calls 
for the Analytical research tyjx of mind. Hydraulic operation usually covers 
responsibility for the forecasting of river flow, daily power available, hydrau¬ 
lic-plant loadings for liest efficiency, control of river levels, routing of floods, 
um? of pond storage, and handling the loud of such customers as are supplied 
secondary power. The work of hydraulic ojicration may extend from the 
plants themselves to the central load-dispatching office, where load allocation 
plans for the hydro plant* would bo supplied to the load dispatcher. 

System* with several plants and storage capacity within a single watershed 
may provide a hydraulic load dispatcher whose duty it is to see that storage 
waters and plant outputs are Tegulated so as to meet the need* of the system 
in the most economical manner. The hvilraulic load dispatcher's report to a 
hydraulic engineer, who acts in a siqxrvisoTy capacity, is responsible for Ihc 
general plan of hydraulic operation, the analysis of record % the iirciwrntion of 
long-iange forecasts, plan* for he«t u*c of storage, plant efficiency schedules, 
river-level control plans, and all mutter* relating to the most economical use 
of hydro on the system. All plans for hydraulic operation arc executed 
through the load dispatcher. 

One large system with two major hydroelectric plants provides an engineer¬ 
ing control paralleling the operating organization. This control supplies the 
general system plan for coordinating lrnlro with steam operation. It also 
provide Iho follow-up for efficient operation in the hydro plants. This inde¬ 
pendent engineering control works closely with every phase of system operas 
turn. Plant engineers are responsible for the efficient operation of their plants 
in cooiKTiition \wth the oiieratnrs. The plant engineers secure the hydraulic 
statistics for their respective watersheds and pass them on to the central 
office. 

Problems of hydraulic operation naturally divide into two groups, one con- 
eerned with plant problems the other with system economy in the use of 
hydro. The plant problems of hydraulic operation will lx* considered first. 

30. Control of River Levels. Each hydro plant has certain obligations 
which must be met m connection with regulation of stream flow. Usually 
some state or fcslernl agency will specify a minimum flow to l>e maintained 
below the dam in the interest either of water supply, stream pollution, or 
conservation of fish. Usually this will be the lowest natural flow that occurred 
lieforc the dam was built. On some streams the daily range of output may 
he Limited hv requirements of navigation below the dam. In mn-of-river 
projects where flowage lands are purchased up to levels corresponding to a 
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fixed elevation at the dam, there is the problem of operating as closely act 
possible to the up]>er limit to pain on head. In low-head rim-of-river plants, 
the control of river levels by regulation of the load on the plant involves a 
delicate problem of load dispatching if maximum head and output are to be 
obtained. 

When regulating gates are open on the dam, close control of river levels 
is more readily obtained. At such times fairly uniform flow can he obtained 
by varying the discharge through the spillway in synchronism with variations 
of plant load. This is important during floods when care must be taken not 
to exceed the levels which would occur under natural conditions. Though the 
type of spillway control provided will usually be determined by other consid¬ 
erations, it is well to reineiul>er lhal dams with fixed crests and no regulating 
gut On have a distinct advantage from the standpoint of flood control because 
they do not involve artificial control of river levels. 

31. Spillway Operation. Must of the recent hydro plants have spillway 
aprons designed to minimize erosion below the dam. Although it docs uot 
furnish a complete story, model-testing has supplied many valuable data. 
Various means of destroying velocity have been evoh ed, and thev have proved 
effective in reducing the erosive action of spillage. There are, however, few 
plants whose foundations are rnrli that thm do not have to continually watch 
erosion below the spillways. It is desirable to operate spillway gates accord¬ 
ing to a fixed schedule prepared in advance. Till* schedule might be deter¬ 
mined in jKirl fioin lull project model tesis and 111 part bv observations in the 
lield. It may lie posable to distribute tin* flow m small amounts between 
alternate gates across the spillway section aud to produce little disturbance 
as compared with putting all this flow through one or two gates. In this 
connection it is veil also to watch out for wide areas in the flood channel below 
the dam wdierc swapping eddies can lonn and augment the flow and scouring 
action in the main channel below the spillways. 

Sometimes it is possible to concentrate the flow over the spillways in loca¬ 
tions where the least scour will occur, or in locations where, if scour occur*, 
fhe damage may be repaired at the least expense. The effect of various com¬ 
binations of gate operations on tail water levels and plant inti pul should also 
be considered. In connection with spillway opera linn, it i* highly important 
that soundings below the spillways be taken after each major jienod of waste. 
Similarly, it is important that the coni our ni banks subject to erosion be 
tjikcn often enough to keep a record of progressive changes due to spillway 
discharge. 

In general, it will be found cheaper in the long run to experiment with 
frequent small expenditures for ch.innel correetu.r and bunk probation than 
to sjiend major sums for so-called pernnnent wmks. In thin connection, con¬ 
stant watchfulness and knowledge of what is going on is ull-inifHirlanf. A 
\pry minor amount < f stream-flow correction or bunk protection at the outset 
of impending trouble will very often accomplish the mime result as a major 
ex|M?nditure later on. 
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82. Routing of Floods. TliiH in one* of Ihe delicate problems that has 
to be dealt with at dams where flood flows are eon l rolled by crest gates. Ou 
streams having a wide cultivated flood plain this problem requires skill and 
care. For pro]>er handling, prompt reports of rainfall arc needed from pia- 
tioiip dost' to the reservoir, and they must be interpreted quickly into a fore- 
Ciid of stream flow. By active forecasting, it is sometimes possible to antici¬ 
pate some of the les^r crest flows in advance of their occurrence and to 
mollify the flood creM somewhat for the benefit of people downstream. Lark¬ 
ing these reports and forecasts, pond stages at the dam must be relied upon 
to measure the increase or dev reuse of inflow to the reservoir. Wind may 
uffeet the pond-level readings to such un extent that it is difficult to know 
exactly what the natural elevation of the pond is, and there may be consid¬ 
erable lag between the actual flow anil the regulated flow past the dam. 

Contrary to views frequently expressed, it is seldom possible at most dams 
actually to draw down a reservoir ahead of the crcbt of really big floods. The 
big floods which do the damage occur as a result of excessive rainR falling 
oil ground filled to capacity, with surface depressions and small ]mnds all filled, 
and with river channels and reservoirs also full. Under these conditions, with 
most projects it is very difficult to accomplish anything in the way of reducing 
flood crests. 

33. Plant Economy. In order to dose the broad gap lietwecn engineering 
test dal a mid lis effective use in daily operation, the plant engineer and the 
operators inu-t work togelher. The plant engineer should have a detailed 
knowledge of all the technical factors affecting h\druidic efficiency. This tech¬ 
nical background must lie adapted to the need* of the ojierators through the 
medium of simple plant operating curves and efficiency schedules. Eflicicncj' 
operation should at all times be the second consideration of the operators, 
their first ami primary duty being that of maintenance of service. Ordinarily 
the plant operators should not be burdened with engineering details that 
might detract from their effectiveness a- operators. Nevertheless the oper¬ 
ators *huuld have a good working knowledge of the points where water looses 
are serious. 

There are any number of opportunities for economy within a plant after the 
loading schedule has been assigned. It is only the plant operators who can 
keep the units balanced on the* load at their most efficient point for the load 
assigned to them. Watchfulness on the part of the operators in handling 
ilioir machines yields economics directly proportional to the efforts they make. 
A careless ojierator who allows his machines to wander—one high and one? 
low because it is the ea«y wav—can waste several times his salary in water 
losses. Oil the other hand, with such tools as good sensitive governor equip¬ 
ment, gate-opening indicators at the switchboard, and a sensitive recorder of 
system frequency, a good o]>onitor can attain results very closely approaching 
perfection. 

The operators should make every effort to reduce 1 the time required for 
starling the machines and be on the alert to take machines off the load 



1104 OPEBATION OF HYDHOKL.HCTRIC PLANTS TOhm-. 441 

promptly. Thore is ulwnys a tendency after a machine is once on the load 
to let it ride a little while after tho load fulls oft to be sure that the loud 
will not swing up again. This is a jHiint where dose watchfulness of the 
operator u, essential for best plant economy. II is also the place where a 
folJow-up by the plant engineer is important. 

Some planti* have been provided with equipment for loading mnrhines at 
their most economical point automatically, iiud unusually good results have 
been attained llieieln. Automatic loading of units for best efficiency is one 
way of :ippl>mg ihe engineering test data to actual operation and is most 
uselul in connect ion wit li the smaller plaids where the operating force in 
small. In a large plant the same refills can be attained by manual control 
willi the further advantage of root diluting station opeiation with the system 
plan. With manual control there is les.- danger of the operating procedure's 
becoming crystallized and less danger of s> stein economies’ being overlooked. 
By working closely with the oi>erators, the engineer- gam the operating view¬ 
point that is an essential to efficient hydraulic operation as is the engin^ring 
viewpoint to the opeiator. 

The plant engineer is UMialh made responsible for checking the huiir-by- 
linur economics wilhm die station. He should review o] hum lion each ilav 
and call the attention of the ojicrators tej am spots when* inefficient operation 
may ha\e omu red Compliments should be given where the operating record 
shows close attention to efficiency. Good operation invariably results where 
someone with a detailed knowledge of efficiencies obtained can recognize the 
work done and attach that recoid to the man who made it. If the best 
operator working a loud schedule day after day fails to have his attention 
called to ovcisights, or if Ins consistent off oils to attain good results are not 
recognized, he will soon slip into the habit of operating his station with a 
margin of safely larger than necessary, c\cn llicmgh this margin may cost 
the system a considerable amoiml Such losses are easy to overlook. 

34. Watching Turbine-gate Openings. One of the most fruitful sources 
of plant economy comes fmm npcriling h\dio units as close as possible to 
their point of maximum etliiiency. There is a vasi difference between maxi¬ 
mum wileci efficiency and the iverage elhneiicv of normal production. The 
efficiency of a hydroelectric unit is usually grcatesl wiien it is lurning out 
around 0.80 of its full gale capacity. Many units have very flat efficiency 
curves such that (he load may In varied from uerhaps 000 gate opening to 
0.00 gate opening without sacnlice of more than 2# of peak -fliciency. Be¬ 
yond this range of gate opening, however, efficiency fulls off very rapidly, 
particularly ns compared to tho same dal.- lur steam uuils. 

Tt in not possible, with changing load conditio for nil plants to operate 
at their point of liest efficiency, lien e, the hydro plant will have to Iks as¬ 
signed its share of load changes, and the loading of its uiuis will depart from 
points of best efficit n . Ltich plant should have a machine loading schedule 
designed for obtaining maximum eflimney at an> loading that may Ik? as- 
nigned the plant by the load disjia'cher. Chr-e attention t 0 efficiency soiled- 
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ulen in the mutter of gate ojieimigH and the number of machines on the load 
will yield much in the way of plant economy. For excellent artifice covering 
the mutter of plant loadings for beet economy, reference, is made to n paper 
by E. B. fitrnwgcr appearing in the National Electric Light Association Bul¬ 
letin for Demnlier 1029, and to a prize pa]icr by 8. 0. Hchiimlierger appear¬ 
ing in the Edison Electric Institute Bulletin for January 1935. 

If the umtK in a plant are of different size or type, the moat economical dis¬ 
tribution of load nntong them must be determined by a study of their re¬ 
spective characteristics Where a plant Jias unil a of the same size, it is almost 
invariably true that the mast economical njienilion is obtained when .‘ill units 
are operating at the same gate oiiemng, provided, however, that a minimum 
numlwr of uniN are used on the load. Ail additional unit is not added until 
all the machines have junked over their peak of maximum eflieieiiey to the 
point where the cost of carrying the load on the smaller number or machines 
equals the cost of parrying the load on the next larger number of machines. 

In any plan for the dhirinn of load among machines, the loss of efficiency 
caused by governor regulation should l>e taken into consideration. Test effi¬ 
ciencies obiained under i*teady load conditions with the gait 1 ? blocked are 
not realized when a governor Ids the unit swing above and below the average 


load assigned to it. Too heavy n burden of regulation given to a unit for the 
short swings of sv-lcm speed n,;i y rausc a serious loss of efficiency that will 
not be compensated for elseuheie on Ihe svstcin. A badly regulating gov¬ 
ernor may cause loss not unlv on the machine it is controlling but also on 
other machine* whose governors try to cuiiqieiwite for its swings. 

Usually the load dispatcher requires some of the running reserve of the 
system to be curried on hydro. Some of tins running reserve will be available 
at no extra cost from the overload capacity of the units above the actual 
loadings at which tliev normally run for best economy. The balance of the 
rcsei ve must lie seemed by rolling additional units Instead of letting the 
additional units share ihe load with the other units, it will usually lie far 
chetqier to provide the reserve hv motoring the additional units. These units 
would run with their scroll cases tilled, their wicket gate* closed, their draft 
lube* vented so that the runners clear the water, and with their governors 


set to pick up load quickly on a drop ill sliced. 

35 Venting Turbines at Low Gate Openings. Occasionally system 
option ninv call for operating turbines at low pile openiug regardless of 
the poor efficiency. The units may be required at these low (Bite oixmings for 
use ns synchronous condensers or as reserve lor the system. There also may 
he periods during the bringing of a plant on land or of taking a plant off 
load, when units may operate at low ante opening for considerable periods 
of time. At low gate openings, a substantial water savin* can be mode on re¬ 
action turbines by the admission of air to the draft tube Venting of reactitm 
turbines below 0.30 or 0.40 gate will usually increase their output because it 
relieves their trndencj to pump water at these low gates. Many plants have 
installed mechanically opiated air valves for owning at a predetermined 
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gate opening, tlnib nccuring these savings automatically. Some of these air 
vents, however, have proved noisy, and there is a tendency on the part of the 
operators to cut them out of service cm the least provocation. 

The air-vent valves are also useful in breaking the vacuum in the draft 
tube promptly after the turbine is shut clown, thus reducing the heac] produc¬ 
ing leakage. The valves can also be used for breaking the vacuum when it is 
desired to motor a unit with the* draft tube empty. In order to break the 
vacuum on a large turbine with a 15- to ‘20-ft throat diameter, a 4- to H-in. 
air-vent valve will be required. 

36. Operating Turbines at No Load. Whore use of hydro units as 
synchronous condenser* miming at no load in called for, heavy water losses 
may occur unless care is exercised. Air should lie admitted to the draft tube 
so that the wheel will run cleat ot the water For example, in a plant having 
15-ft-diumefer water-wheel runner*, one fKMW-kw unit operated ns a synchro¬ 
nous condenser requires only 500 kw from the system when motoring with 
the turbine gales closed and the runner clear of Ihc water in the draft tube. 
On the oilier hand, it the unit is operated with water at speed-no-load the 
water use is so inefficient as to be the equivalent of 1500 kw in a normally 
operated marlnne. The *nme unit motoring with the gates closed lnil with 
the draft tube umenied requires UIMXJ kw from the sv-lein on account ol the 
pumping action of the mnner. tliso watching is nece**ary to avoid the mis¬ 
take. of miming the wheels in water. It is *unictunes necessary to put -ifr *jt 
low' pressure inlo ihe draft tube to depress the water level Niiflicienllv to clear 
the runner. 

Where- units are u*ed *ulely as *a nchronmis condensers and not for running 
reserve, turbine gale leakage may be siveil by closing the brail gates, [f Mir h 
is attempted, however, care *hou!d be taken that sufficient w-aler is Unrig 
runtmimlly supplied, by leakage or other mean*, to the bearings and also to 
the periphery ..1 the runner to preterit it from healing it there is any danger 
of its rubbing in tlie clearances. 


37. Leakage. Potential kilowatt-hours are lost whenever water gels h\ 
u plant without doing work Leakage during period* of shutdown mi.v rep'- 
rvM-ni a lar R e shine..f the jn.u ' (mm the enterprise. It i, nuporl ;i,.t Wmw 
it if coiitimioiu- :inil is the mn\iiniini lit turns ot lowe-t writer when the plant 
may hr senetul.uR the least. „ ,„ l1lr .tfu,ly m.pnrtant in plants denned 

hi ■ TWr "* MlkvrA ► litrfsr* proportion to 

are shut dowiTfnr i** ’" ll ,ow w ‘‘ l,er m( »*y of the unit-? 

are shut* down for a good pm lion ol llio time 

The turbine Rate* ore (he mint vnlnenl.le point* f„ T lenki.Re. When the 

X SJftL?." Jf ui k; ' e ‘t T:- h 1ho e!,<fS "" y vrrv i*»i*rfy * *i****s«i- 

t *”•' t- r 

„ . i , , 01 1,111 P fltL oerharee, espeeiir ly if the 

Hat*, have lieen all .w,| to *■( , lllt ot adp.stjnent. I)uri.,R a low-water tteriod 
where (5 out of 10 mm* miglil be slim uuwn, a 2qf leakage on the individual 
m™, . 5% n’lliictmii „ hl ,„ JJ rairt ,™“ 
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represent a 10% reduction of net earnings or net value of the project. Many 
cases have been cited in which gate leakage bus been 4% or more on units 
with considerable wear and with closure of the gates poorly adjusted. Par¬ 
ticular attention should he paid to minimizing wear of the guide-vane bearings 
and to keepiug the guide vanes adjusted for tight closure. 

High-hend turbines particularly should be watched at the clearances be¬ 
tween the guide-vane ends and the guide ease, because, if there is sand or silt 
in the water, wear may be considerable in even a short time, resulting in ex¬ 
cessive leakage* when the unit i ■ shut down. When there is no likelihood of 
a unit's being required for r«*scrve, most of the shutdown leakage can be 
avoided by closing the head gates. Some form of tight valve near the turbine 
ip particularly desirable on higli-licad units for closure during shutdown 
jieriods, not only to reduce leakage lossen but also to decrease the wear at the 
sides and contact edges of the guide vanes. 

Where dashboards are used on the dam, a daily patrol may be necessary 
to keep leakage down. Ore-t gate** may have to be cindered after each period 
of spill. Though leakage over the dam can be an item of considerable impor¬ 
tance if neglected, Mich leakage can be seen and it is much easier to control 
than the unseen leakage through the plant. 

Periodic check 13 of leakage* through the water wheels and through the plants 
are especially important It i- not sufficient to h— umr that there have boon 
no change*. The checkup nn leakage should include the unwalering valves, 
crest or sluice gates, log chutes, ti-liways, the dam and power-plant, structures, 
and any other poinls where leakage might occur, particularly those places 
where it is not directly viMhle. Ile-ides covering the matter of leakage such 
check* may be valuable in matter of the -rifely of plant structures. 

I^eakage past the plant may be checked by ohsening the tailraee with the 
station shut down tight bill with the bead gates open. Often wading measure¬ 
ments in the tailraee below the dam Mill determine the leakage accurately; 
or weir moiiMirements may be practical. 

Leakage through the individual units may be deteiinined by the rate at 
which the water level fulls in the pen Mock or scroll ease with the head gates 
closed This requires a determination of bead-gate leakage, pome work in 
eoiiqmting penstock or scroll-case water-surface areas and the application of 
hydraulic theory, but it is possible liv tins method to obtain a fairly accurate 
measurement of gate leakage. Another method that has been successful in 
low-head plant- is to close all bead gates but one, and thin one only partly, 
then to use* current meters in the opening. Tinder these conditions the un¬ 
measured leakage is negligible. 

38. Wear and Deterioration as Affecting Efficiency. Turbine-gate 
leakage is quite different from leakage through the runner clearances. The 
latter leakage show- up in its effect on turbine efficiency. Many turbines run 
from 10 to 20 years without appreciable wear in the<c clearances and without 
appreciable change in efficiency. However, on high-head turbines havirg low 
si>eeifie sliced the clearance spares around the runner are very important as, 
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even with a new machine 1 and 20 mil* clearance, the leakage through this clear¬ 
ance area may affect the efficiency from 1 to 3%. With dirty water, thiu 
clearance may increase fairly rapidly to 3 or 4 times tho original measure¬ 
ment, and the efficiency of the uni may be decreased from 3 to 10%. These 
clearances should be watched and definite limit* *et at which the wearing 
rings should be renewed. This applies principally to turbines ojierating at 
heads above 250 ft and more particularly to those operating above 400 ft. 
The clearances are not *n important on the lower head*, and for units ojierat- 
ing Mow 50 fl moderate clearances have very little effect on efficiency. 

Pitting of the runner seldom has a serious effect upon the efficiency of the 
unit until the pitted area becomes so extensive and the pitting so deep that 
ihe shape of the water passage is materially changed. Before this occurs, 
however, it is usually found that the strength of the mnner has hoen so seri¬ 
ously affected that it is do-arable either to renew the runner entirely or to 
build up the pitted arpa by welding. 

In some of the older plant** deterioration of the apparatus may affert effi¬ 
ciency. W T hore a wheel case was limit too light or where there has l>cen move¬ 
ment of the substructure with temperature changes, distortion and loss of 
efficiency may have uenured. Broken gate Rents, abraded eoncrete linings, 
excessive corrosion of rack bars, or other fad or* increasing fnrlion in tho 


water passages may lower efficiency to u limilcd extent. 

38. Water Accounting Practice. In the larger stations where a full¬ 
time plant engineer is warranted, then* should be a complete accounting of 
the water used in the plant each du%. This daily water accounting should be 
complete from the inflow to the reservoir through evaporation, storage, plant 
use, and leakage. It should strike a daily balance with the change of flow 
below the clam a? determined by discharge rating curves. The accounting 
should he designed to detect errors of meter readings and errors in the flow 
computations by comparing the computed change of flow with the change of 
flow indicated by the lailrarp rating curve. 


In many of the higher-head planl* it is practicable to install continuous 
wafer-measuring devices, s U rh i{H a Venturi meter, in the pensioek, or a weir 
below the plant. Such device^ .ire n valuable aid in the daily water account¬ 
ing. They have more or less pennanenl ratings, and they give an independent 
means of checking iw of water against power output. In the low-head plant* 
where such device* are not possible, the daily water accounting should he sup- 
p einented by periodic* checks of flow through the plant computed from half- 
hourly readings of gate opening. These periodic checks, which nay be made 
per ajm every 2S or 3 weeks', serve as a running check of the plant operating 
factors used in the daily compulations. 

Whore complete discharge tetda have not boon made, rolntive use of water 
may Mill he accounted for by the index method. This method utilise* pres¬ 
sure diffcrratwlfl a-. .••<>asiire of relative flow. The pressure differentials may 
he obtained from a change in penstock area, from a change in direction of 
flow, from the chaise between the impart and draft sides of Ihe stay vanes 
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or simply between the forebay level and a point inside the penstock or scroll 
case. The index method finds its chief value in extending ratings beyond the 
range of actual teats. If completely calibrated by water-wheel tests, the index 
method may provide a convenient means of supplementing the moro tedious 
method of determining (litharge from records of gate openings. 

Preaent-day accountmg procedure unfortunately does not attempt to 
ure the production efficiency of a hydro plant. This is because the fuel pile 
of the hydro plant does not represent an expense. The accounting reports 
will tell to a penny the production record of a steam pluut yet have no record 
of cuilouds of fuel that might Lave been scuttled or saved at a hydro plant. 
To mi pi dement the daily water accounting, a mean** of measuring the operat¬ 
ing efficiency of hydro plants ih definitely needed, jet not easy to obtain. Vari¬ 
ous utilization factors, or ratio-, of actual generation to that theoretically pos¬ 
sible, have been used. Simple factors, such os over-all plant efficiency, kilo- 
walt-hours per second-foot, and total water losses, all include the factor of 
operating efficiency but they do not differentiate between it and the fixed or 
biult-in efficiency lac tors that aie determined by the design of the plant, so 
that the real meusuie desired is not obtained. 

An interesting attempt to account for the money value of all losses that 
occur in a hydro plant is deMTilicd in an article entitled “The ‘Balance Sheet* 
Idea Applied to Power Plant Operation,” by 0. R. Shepaid, in a serial report 
of the Hvdraulir Power Committee, National Electric Light Association Pub¬ 
lication 278-34, March 1028. A more recent development of this idea is the 
use of a daily “lijdraulic log" sheet designed to supplement the umiuJ electrical 
log slicel A description of the hsdiuulie log -heot was given in an article by 
E. B. Strowgcr in Electrical World , April 14, 1934. 

40. Water-wheel Tests. The background for the daily accounting of 
water used in the plant should be adequate wafer-wheel and generator effi¬ 
ciency tests. The methods employed for making the water-wheel tests will 
vary from plant to plant. The different methods of measuring discharge 
are given m Section 22, Chapter 38. Operating experience* in connection 
with the metering of hydro-plant input arc well descrilicd in the serial report 
of the Hjdraulic Power Committee 1 <127-1928, “Water-wheel Testing and 
Operating Records of Plant Discharge ” National Electric Liqht Association 
Publication 278-114. 

For medium- and low-head plants, the water-wheel tests, to be complete, 
may require the use of a water rheostat to load the tuibine artificially. The 
water rheostat allows the turbines to be run at variable speeds. Usually the 
head available during the period nf testing is nearly constant, and only a 
fixed speed can be obtained from loads earned on the system This will pro¬ 
vide for tests of input and output for all gate openings at one head only. By 
testing a unit at variable siiecds on a water rheostat at the available head, the 
actual performance nf the wheel ut the constant system speed and other heads 
can be computed accurately from the assumption that the efficiency of the 
turbine will be a constant for a given gate opening if the ratio of the speed 
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of the periphery of the wheel to the spouting velocity duo to the head remains 
constant. Variable bpcod tesla ran sometimes be made by alisorbing tho en¬ 
ergy on other units operated an motors. 

All turbine ratings and generator ratings designed for U8e by the operators 
are preferably worked up in terms of the heads rceonled by the plant gages 
and in tonus of the gate openings or loads recorded ou the meters. It is 
essential for the operating engineer to acquire a detailed knowledge of the deri¬ 
vation of these curves and an appreciation of all the basic factors that entered 
into their const motion. Only by such detailed knowledge is it possible for him 
to be sensitive to the little constant looses that can creep into operation and 
continue day after day. 

Where they can l>o done at reasonable expense, te*ts for efficiency should 
be made in every hydro plant at least once every 5 >ears. The tests do not 
need to be extensive but should cover the matter of leakage mainly. The 
rutings of tho turbines are not likely to change much if no particular damage 
has l>ecn done to the runner and if gate areas are not disturbed. Changes will 
usually first show up as increased leakage. 

41. Limitations Due to Heating of Electrical Equipment. There are 
usually several limitations on plant out pul which may govern at different 
times of the year. Transmission-line load* may limit the plant output under 
certain conditions; under others, transformer temperatures may be the limi¬ 
tation; or generator temperatures may govern. When such limitations affect 
the efficient loading of the hydro units, ll i. important that a thoroughgoing 
study be made of the.e ratings In see if they cannol be increased without sac¬ 
rifice of safety The rating of electrical equipment is merely a guarantee of 
a manufacturer as to performance; it is not necessarily tho proper limit for 
the machine when put in operation. The o]>crating limit is usually a tempera¬ 
ture limit which is erilical oulv during the hottest period of the year. During 
the cooler ixirlions of the year when water and air 1em]>ora lures are down, 
additional load can be carried over and above the Miiiuner rating, provided 
that conditions within Ihe Iransforiviei or generator have been properly ex¬ 
plored and ure definitely known Without Uu> knowledge a larger factor of 
ignorance must be allowed fin and the consequent losses absorbed on the 
system. 

When heating limits the output ol generators and in turn the efficient hy¬ 
draulic loading of the units, the hinting load can often be distributed brlmm 
units in proportion to the tempera tine rise of each machine. Some units will 
heat up more than others, depending on the effect iww-s u f the cooling equip¬ 
ment, the accumulation of ilirt, m prs.ibJy differences in the original construc¬ 
tion of the units. Even unit, ol the time design iwi. vary widely. If a btution 
is limited by the output of the generator*, before (grating at an inefficient 
hydraulic loading, all machines should be brought up to Hie same temi*rature 
limit by varying the ^ wei lactur on the several units. In this way the heat¬ 
ing load can bo distributed among the g. neralois to a large extent independ- 
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ently of the hydraulic or kilo wait loadings of the unit. In varying the power 
factor due consideration must be given to the requirements for electrical 
stability. 

If the lotal load of nil generators is limited by hcnting due to poor power 
factor, while there is nu unused margin of efficient hydraulic capacity still 
available anti needed, it will usually be found decidedly cheaper to carry some 
or the reactive load on another unit motoring with its draft tube empty rather 
than to o]ionite the additional unit with water. 

42, Use of Pondage. One of the most important problems that the engi¬ 
neer has in connection with hydraulic operation is the proper use of daily and 
weekly pond storage. On a large Rystrm there may he hydro plants without 
pondage that mitri operate run-of-rivor at 1009 ? load factor unless the river 
flow is regulated by other plants with pondage upstream. There may be 
other plants with ample pondage which can operate economically at very low 
daily load factors, jiartimlariv during low water. Where pondage is suf¬ 
ficient, W'eckly schedules of drawdown are desirable. These weekly schedules 
will be governed principally bv the amount of recovery possible between 
sometime Saturday and Monduv morning. Figure 4 shows the distrilmtion 
of generation by plants for a weekly load curve of a system served by two 
hydro plants, one a peak-load plant, file other a mn-of-river plant. For the 
latter plant hourlv pond level* are shown to illustrate the use of pondage. 

A verv common fault of ojieraticin i* the drawing of the ponds during 
period 1 * of ]>cak demand and not permitting them to fill completely during the 
off-load period for fear of having to spill Mime water. This results in nitra¬ 
tion at head* lower than necessary C'arefill analysis in many cases wall show 
the desirability of operating so close to Ihc upper limit of pond level that occa- 
Monallv small amount* of water are spilled. The gain due to the higher 
average head will usually more than offset the loss due to the small amount 
of spill. 

A careful analysis should l»e made to determine the maximum amount of 
economical drawdown for each dam. Tin* do]>eiul* largely on load conditions, 
pond rapacity, ami tlic tmal head. If the drawdown is to be great, the effect 
of loss of turbine efficiency, due to operating at a head different from that 
for which the turbine was designed, should not be overlooked in this compu¬ 
tation. Where heads are lapped in a serie* of dam a drawdown can be 
utilized without any loss or ]H>wer. Thi> lapping of heads has proved very 
advantageous in many case*. Charts should be prepared showing the kilo- 
watt-liours in each pond for \ariuus drawdowns and the numlier of hours 
]**r day that each plant can bo operated at any given load ami any given 
river flow. The possession of such data is especially important and useful at 
times of minimum flow’ when every endeavor is made to have the hydro¬ 
electric plants carry as much of the upper portion of the load curve as pos¬ 
sible. In connection with the use of pondage, it should be pointed out that 
there may be losses due to fluctuation of the load on a plant. With the flue- 
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tuAtniR load, more eneigv is Rcncrited dun dr pci lods of decreased head and 
less energ> dunng the ix?nud of increised hr id This effect is explained m 
some dotul in Faction 52 
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lie 1 Illustr iting distribution of olli iun-of-m< r md pi ik-lond hydro plant 
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43. Forecasting Although foire isting is oilen a pi ml pioblnn, it is lieie 
trr itccl as i sWein problem, lirc in*- wlinc Indio pi Hits aie a put of i Urge 
niterconnected s\stem the foiei isfmg of lndiwduil hjdro plwl& is an e^sen- 
till part of the load allot dt ion pi in used b> the load dispatcher 
To be oi value u, Toipc iuir, repoits of i unt ill and nve» flow mubt be 
prompt, and to be pi mpi, reliable tell] *ionc sen ire in the baton is cbbcntnl 
In inan\ locations the sybtem oi timih jcpmts of runiill and river bilges 
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provided by the \J. 8. Weal her Bureau is invaluable. Even though their 
reporth may not cover a drainage in sufficient detail for adequate plant fore¬ 
casts, their timeliness forma a must desirable skeleton around which to build 
a forecast plan. Ilivcr guges maintained by the U. S. Geological Survey and 
the U. 8. Engineers are another very helpful aid. Arrangements can usually 
be made with their observers and with cooperative rainfall observers of the 
Weather Bureau for sending any special reports that may be required. It 
will usually bo lound necessary to establish additional rainfall gages, particu¬ 
larly in the areas closest to the nlant. 

It is desiiahJe that e.ieli plant engineer collect mo'-t of the rainfall and run¬ 
off il.ita for Ins watershed and for him to make his own estimate of runoff, 



Fin. 6. Average seasonal van.ition of iminfT percentages for a typical midwestern 

dunnage h.isin. 

transmitting them in turn to the rentud office. The plant engineer usually 
needs thr-c forecast'* for a proper conlinl of river levcl> at his plunt. At the 
same tune, on s\ stems th.it have a large amount of seasonal storage, it i* im¬ 
portant that the eenti.il office make an iiulependent forecast of ninoff parlicu- 
larly from the long-i.mge -t.uidponit 

Each drainage aiei lia* ckaiiicteristics of it* own. Each should have a 
statistical nnalv-is made nl past rainfall and ninoff to determine average run¬ 
off percent age-, bv months oT the ^ear Figure 5 shows n set of such curves 
for a mill western drainage basin of 14,000 sq mi The curves are plotted for 
total rainfalls of 1 to 4 in within 2 weeks. Bv further statistical analysis, 
it is possible to develop average relations between rainfall and runoff for the 
cliffeient seasons of the vear that will take into account the intensity of the 
rainfall and the condition of the -oil—which condition can he approximately 
measured by weighting the amounts of rainfall in the preceding months. Two 
such relation curves are shown in Fig. 0 for the early spring and fall seasons. 

These purely ntatistie/il analyses are helpful in keeping the forecaster con¬ 
scious of the fuciurs that will affect bis estimate They have the effect of 
narrowing the band in which judgment must be exercised. To keep himself 
posted on the condition of the soil, the foieeastcr may keep a running record 
of cumulative rainfall by stations; with month-lo-date, year-to-date, and 
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normals all shown. Ollier helps in picturing the absorptive capocily of the 
soil are the weekly weather and crop bulletins of the Weather Bureau which 
often include information on ground moisture. One or two small pilot drain¬ 
ages within the watcrrdicd, from which rainfall and runoff data can be ob¬ 
tained promptly by telephone or telegraph, are very helplul to the fore¬ 
caster. Such drainages give n pioinpt and direct measure of per cent runoff 
which the form-utter can u^o coincident with the receipt of rainfall reports 
from the rest of the basin. 

In the preparation of a foiceasl, it is essential that the influence of natural 
valley storage lie considered in the integration of runoff from the tributaries. 



Fig. 6. Rainfall-runoff relations for rally spring and fall seasons for a typical 

midwest em drainage. 

This is the factor that in responsible tor the flattening out of a flood as it 
movers downstream. The storage capacity of the ground itself, of the stream 
valleys, and of the plant reser\uir must lie kept in mind in the preparation of 
a forecast from a given min. There is an enormous' reservoir for absorbing 
rainfall in the ground. When thw i*> filled and the si ream licds are full, run¬ 
offs often approach 7(Kf and ^melinics exceed S0" r . 

Experience has shown that schedules for forecasting rainfall-runoff relations 
are valuable aids in developing judgment even though these sehedules may be 
rough. They pnnide a common I -tsis against vhirh actual experience can be 
cheeked. It is deniable also that torecast« be murded in some detail so that 
the forecaster and those who watch Ins work have some means of determining 
his average score. This is a very valuable tool in building and retaining 
experience. 

In developing his estimate for use in allocating plant loadings, the central- 
office forecaster should be allowed time enough to prepare his forecast in an 
orderly manner ai d to cm hange views with the plain engineers. In many 
eases, it is nearly as *-enous to ovcrcstit ate runoff fioin a given rain as it is 
to underestimate. In the first case, ton much low-cost energy will be dropped 
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from the trteom planth; in the t»rcond, the pond may fill and water which might 
have been used through the hydro plant uuy actually be waited. There are 
Hybtema where a 5-hour advance warning that runoff will exceed plant capac¬ 
ity may mean a having of iw much aa $1000. 

For uae in planning the loadmga for the hydro plants and also for the steam 
ptontfi, it is essential that the data from all watersheds and the load curves 
of the several lilants for the precoding day Iks condensed into a form which one 
person pan visualize. Such load curve* and hydraulic statistics need be 
brought up to date only once in 24 hours, usually in the morning when most 
of the river stage* and rainfall iccords come in. The data on loads may well 
take the form of weekly load curves plotted by hours or half-hours for each 
component part of the system with the generating station loads shown. A 
condensed weekly load emve is helpful because the days of the week sho w up 
in their true relation to each other. 

With a condensed picture of the history and accomplishments of the previ¬ 
ous day in mind anrl with all the morning’s rainfall and river-stage records 
at hand, the most changeable part of the load allocation plan can be corralled. 
There remain the problem of fitting thi* hydraulic picture into the complete 
plan for the system, which, we will assume, is a major one including both steam 
and hydro plants. 

Si stem Use of Hydro 


44. Economic Use of Hydro a System Problem. Interconnection of 
major generating plants over wide mean has emphasized the need of treating 
all generating efficiencies from the standpoint of the entire system rather 
than from that of the individual station Steam plant costs from hour to 
hour, outages of sv-tem equipment for maintenance, reserve for the system, 
hue losses, and service reliability all enter into the problem of hydro-plant 
opera I ion. Particularly is this true where reservoir slorage on a system is 
large 

System conditions are continually changing during the clay. A hydro plant 
may be operating ai perfect efficiency as n unit by itself yet lie considerably 
out of balance with the best system plan. At one hour of the day the Hvstem 
object may he to obtain the maximum amount of enpneity regardless of effi- 
cienrv; nt another hour of the same (lav the objective may be to save all 
possible kilowatt-hours, even sacrificing some efficiency in order to build up 
a reserve against more expensive steam generation a month or two later; at 
still another hour of the day efficiency of generation in the hydro plant may 
be the rule. And there are all shade* of operation lietween these limits. For 
Kurh a day the average efficiency of the hydro plant, an wo ordinarily term 
efficiency, may be very poor, vet as a unit of the system its operation may 
fie perfect. 

There are so many chances for generating plants to wander from their licst 
operating points thut it takes much care to avoid wastp. Operation is not a 
simple undertaking but is one of the most complicated, and within its Hphere 
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there is a wcalLh of little hour-by-hour economics that cun be discovered by 
painstaking engineering analysis. In the aggregate these little economies 
bulk large. 

46. Interrelation between Hydro and Steam. On a large system, hydro 
con seldom be disassociated from steam. Since the energy cost of generation 
by hydro is so very small as compared to steam, all available hydro will be 
used first and the balance assigned to steam. To this extent hydro generation 
will eoiitrol si cam-plan- loadings. Having available u considerable amount of 
seasonal storage roots the problem of economic system ojierutioii still more 
deeply in the hydraulic end. 

The one who plans distribution of system generation not only must have a 
Hear picture of the conditions affecting s’enm-pkint operating costs, but he 
must also have a clear knowledge of all the* factors that will affect the output 
and efficiency of the hydro plants, llis viewpoint should lie one devclojied 
from day-to-day experience with stream-flow behavior. lie will need to pic¬ 
ture distribution of rainfall, its effect on river flow, {Hind storage, and the 
stages that given load schedules will produce below the dam. lie must 
understand the projicr manipulation of reservoir levels to catch and use flood- 
wafers in excess of plant capacity, lie should be able to vi-ualize all the spots 
where operating losses might occur and should be sensitive to all the little 
hydraulic economies as well as tlic big ones. Similarly, he must be familiar 
with steam-plant loading schedules for minimum cost, steam-plant increment 
costs from hour to hour, I heir iei|iureinrnts for outages for maintenance, and 
any temporary condition- that may cause departure from normal operating 
costs. He must from time to time compare notes with the plant engineers 
responsible for economic- within Iheir respective plants, whether steam or 
hydro. 


46. Load Allocation Plans. Where several plains of both hvdro and 
steam are involved there is need for u ell-grounded general plans for the allo¬ 
cation of plant loadings. Tlase would include not onlv daily and weekly 
plans but also, where storage is available, « -easonal plan. These general 
a location plans will outline the economic goals to be sought within the limits 
“ ,,iulni ' wrvirc - Thl *v may give the operating 
whirh ^ f Mr ° V y mi ' y lU " lsmU ' ,imil * c,f iteration for the steam plant 
tl 7 '7 Ij / 0n i hyrlfn “ lllMT,t Tho load allocation plan 

t "'S'*, ' ,r ° P “ n,ti0n lf ,IlP l*™* should'mrt 

hl JLV m y >n ' m ! '" V P,: ' nt Thp nil.,ration plan 

h S ln„J l| R,, 'r f ° r , t ,, ‘ r 0,W " n '‘ n ' ° f ' 10,,rly ,0! " ,s « n <>“' W’vrral p hnU. 

The lend allocation plan should 1, P flexible ennmrh to Rive earli individual 
concerned u, aC.nl Won an opportunity („ contrite .he W " h 
expenenre. On law m-trms. where the eeonomir balance brtwe™ Imlilnd 
rteam w contnmally rhanchiR, it take, the rombined intelIi K en.-e of inanv 
individuals to Ret h r finest result,. Attain,nenta are in pSon ti tle 
cooperation nmonR the -evend operator-, the plant ntfnm? the system plan- 
nmg head and back around the rim,it thrm.Rh the o, eralom. "Syatem i£- 
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Kbetw" comi-h Gradually but in hastened by good communication facilities. 
Roush bpots in daily ojieratiun invariably can be attributed to lack of suffi¬ 
cient knowledge of the system or from the desire of an individual to work for 
ho greatest economy of Ids own plant. It is not easy for a plant engineer 
to have lus plant operated at poor efficiency for the sake of Attaining eystein 
economy, t sometimes takes a blind faith to believe thut the poor showing 
of hiH plant con till Miles to a. pood showing for the system. 

RiRid schedules and too specific regulations do not secure the best results. 
Automatic devices can lie considered aids but hardly sulntitutes for engineer¬ 
ing in everyday operation. Too often elaborate schedules of oration are 
devised and gradually forgotten. 

Good forecasting, a flexible system plan that will give the widest possible 
opportunity for intelligence to he applied all along the line, plus a follow-up 
are the essential elements for securing the bet-1 results. 

47. Capacity Use of Hydro. Power available from hydro has two dis- 
tinrt veil lit* !o a s>*tem: a rapacity value and an energy value Speaking in 
general terms, its capacity value depends primarily on how many kilowatts of 
tlie system peak it cun carry with minimum river conditions. Its energy value 
depends primarily on how many kilowatt-hours of steam, generated energy it 
rail replace with average rrier conditions. Distinction between these Iwo 
values will be more pTnnnunrcd oil systems having a large amount of seasonal 
storage* available. Tn Mich *v*tein< rapacity ^ nine will usually predominate. 

IUdro will be used fm ma\iinuin capacity when nil plants of the system 
are taxed to their utmost to supply ike system load, as will be the situation 
just before a new major unit of s> *tcm rapacity is brought in. When used 
for maximum capacity, storage lrsmous will seldom be drawn appreciably 
until the si cam plants are ojieiating at or close to their maximum output. 
By using reserve steam capacity in tin* manner nlicn it is available, additional 
water run be held in stuiage for use dining the period of actual outage of the 
largest unit, tliereb> supplying an additional amount of system capacity dur¬ 
ing the period of greatcM need. 

Drawdown of reservoir storage tn leave room for catching flood waters 
Unit might incicase ihc eneigy output of the hydro plants is a secondary con¬ 
sideration vhen tin* system is short of capacity. The amount of the draw¬ 
down purely for catching excess flood waters would be governed by the nniount 
of excess waters that can always l>e counted on to occur. 

On system* having n number of hydro plants, it is frequently possible, by 
careful analysis of operation, to demonstrate that the plants can dependably 
carry more Finn capacity than they were originally assigned. As a system 
grows, the peaks of the load curve liecome «hnr]XT and ihe energy in a given 
peak nil off deerei^es. This mean* that, with the same amount of energy 
available, a greater peak cutoff can be taken by hydro if enough storage is 
a\uilnhle to use the energy more and more in the peaks. 

Where it was necessary in 1M0 . m.Vf to a hydro plant at a 50% 

load factor during periods of minimum hydro, load conditions may have 
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changed bo that it can be operated on a firm-peak cutoff basis at a load factor 
of 25%, thereby increasing its capacity value twofold. For example, consider 
a river which has a regulated minimum flow sufficient to carry a continuous 
load of 20,000 kw. If the prime load to be carried by the plant has a load 
factor of 50%, and if the necessary storage is available, then the firm capacity 
of the plant may he 40,000 kw. Tf the load factor is 25%, the plant might 
have a firm capacity of 80,000 kw. By confining use of the plant to a 3- or 
4-hr daily peak with the extremely low loud factor of 12%%, the plant theo¬ 
retically might have a firm capacity rating of 100,000 kw. By using a small 
amount of hydro energy to carry the sharp irregularities of the lop of the load 
curve, the firm capacity value of a given hydro system may often be sub¬ 
stantially increased. The amount of this peaking up of hydro for firm rapac¬ 
ity will, of course, depend largely on the amount of weekly and seasonal 
storage that is available. 

48. Use of Hydro for Reserve Capacity. If properly handled, run¬ 
ning reserve for the system, or synchronous condenser capacity for voltage 
control, can usually be provided from hydro at a much lower cost than from 
steam. On one system 30,000 kw of extra hydro reserve can lie carried at a 
cost of 82 to 83 per hr while the same extra running reserve carried on steam 
would cost about double that amount. The reserve on hydro is obtained by 
motoring the units on the line with turbine gates closed, the runner clear of 
water in the draft tube, and the governor so set as to open up quickly on a 
drop in system speed. With proper governor equipment this is a very effec¬ 
tive means of supplying system reserve. The allocation of this reserve to 
hydro plants ha« been the source of some gratifying gains in system economy. 
Unfortunately, however, it is nerc^arv to guard constantly against the usr 
of too much of this convenient reserve. Although its eost may bo lower than 
steam there is a definite loss to the svstnn if more reserve than necessary 
is provided in the load schedule or actually used by the operators oil the load. 
Reserve should lie watched just as closely oil the steam plants as on hydro 
because it is the coM of the total reserve that counts. 

In providing reserve capacity for short system outages, Ibc leaning will be 
towards hydro on account of iN quick availability as compared to steam. For 
running reserve capacity also the leaning will lie toward h>dro because it is 
cheaper. On the other hand, for the long-continued outages \vheie qunntily 
production is required, the emphasis will be on r enin capacity. 

Where there is ample storage, tin* capacity value of a hydro plant may be 
determined idmost wholly by its ability to furnish the reserve to cover the 
outage of the largest system unit. This reserve has to be supplied by installed 
capacity somewhere on the system. Where such rf ftrve can bi supplied more 
cheaply by hydro tlian by steam, and it it replaces steam, the hydro can take 
full value os Hj'sten! e.ipuer/. In all questions of capacity values, especially 
where reserve is con .ined, there is ncr 1 to consider relative probabilities of 
the different types of outage'-, the probability of minimum hydro coming at 
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time of peak, and the probabilities of iimimuil load growth, all an related to 
actual coordinated operation on a specific system. 

49. Energy Use of Hydro. Hydro will be used to yield its maximum 
energy value when there is an ample margin of capacity on the system. Secur¬ 
ing a maximum energy value from hydro involves more than attaining maxi¬ 
mum plant operating efficiency. It involves using the plant generation where 
it will reduce steam-plant operating rusts the most. To accomplish this calls 
for an hour-bv-hour analysis of the use of hydro in the system load curve. 

To the extent which storage in ’he several hvdru plants permits, the limited 
hydro generation during low-water periods will be fitted into the top of the 
load eurve in order to relieve the steam plants of their highest cost genera¬ 
tion. The exact proportion of hydro u^ed in the top of the system load 
eurve will dejrond on the difference Wtween on-penk and off-peak slenm incre¬ 
ment costs; the amount of storage to be retained for long-range use; how 
many machine* will lie required for running reserve; how much provision 
miM be made for outages for maintenance; and how close the hvdro units 
will be operating to their points of maximum efficiency. Location of the 
plants with respect to load centers, and the capacity of tie lines, will also have 
a determining influence on the distribution of hydro energy in the load curve. 

When hydro is flush it will for the most part be operator! on Ixise load, often 
with all units against their stop settings for maximum output. ITnder these 
conditions the steam plants would lie operating at minimum load During 
the light-load jietiods in the early morning and all dav Sunday, steam-plant 
loadings nviv fie determined by the requirements for reserve and voltage con¬ 
trol rather than by the amount of power available from hydro. When this 
i* the case the strain units that aie necessary would lie running at their lowest 
practicable loadings, which mav be about 20^ of tlieir rated enpacity. Dur¬ 
ing Mich periods increment steam costs wmild be very low, steam costs per 
kilowatt-hour vciy high, and the value of the last few hydro kilowatt-hours 
small. 

50. Increment Costs of Generation. Since the Vtduc that can be at¬ 
tached to kilowatt-houis generated by Indio is measured by the steam-plant 
production costs they save, a clear knowledge of what these id cam increment 
costs arc for ull lyjies of loadings and foi all hours of the day is essential to 
all determination*' of the balance belweeri h>dro and steam 

Figure 7 slums increment costs of si cam generation for a hvpothelical sys- 
tem supplied in part by lijdro plants that have seasonal storage available. 
The curves show how mciement coptr* might increase with the steam-plant 
loadings. It will lie noted fiom the (hawing that each unit coming on the 
load adds a block of constant Joshes which are a function of time only. Once 
the machine is on the load and carrying its minimum permissible load, incre¬ 
ment costs from there oil up me very nearly constant until tlic unit is pushed 
close to its maximum output, When a plant is brought on load there is a 
lump-sum cost to get the plant ready for service. Then, to ope?ate the plant, 
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thpie is the fixed niiuuniiin hourh post foi opcriling laboi plus the fixed eo@f 
of Parting each unit 

At the tight-h iiid side of Fig 7 h shown in limn d dmatiuu cm\e of load 
tli it might lip t\ pic il fm the sum turn of the hxpothctic d system It will 
lie noted from the increment-cost curve thit it dl the load is to be earned 
on steim some \oi\ high-eiist genet it ion will result the voiy top increment 
cost 1 ' running prill ips tlnee times the lowest fbr same time, the dui ition 
of such generation would he quite limited The periods of low-cost steam 



1'ic 7 linn mini cosls of stcim genet ilmu on i lixnnlhrIn il s\siem supplied 
in pul In In ill n V h}n il loid-ihu ilion eum Jen surli i s^sluii is shown it 

tin tighl 


genei it inn uc emended 11 ill the \ nlihle h\dio guumum cm he' used 
m the lop of the lend uiixe, the \ nut of the w itci power will be luge If 
ill must lie used in Ihe Iim \U v due will he -m ill 
The olqed of m\ s\s|iin o ( 1 iting pi m would he lo so ht Indio generition 
into the dul\ nirl weekh pi m lint t iuimiiuiui ummuf ol the lnjjh-eost stcMin 
genet ition could lu sned These x.|r mi-pl mt uist" ^ived inn include the 
feliut-down of an entue plmt When suflie nt sfoi ig< i*. avid due on a 
Intiro s^stem thi-» me of Indio to notd "tir mg up inefficient stenn pi tuts 
is oik of the mini ohjee fixes to sfn\p for in the system plan 
$1. Transmission Losses. Tn connection with the x\\nt ition of hvdro 
loadings where the plmt" ire Hipilxing a lend center over »g transmission 
luipi the eronoinirs to 1 k» c ft i ie»d on the hxdro <n*l in iv line to be modified 
to some extent b\ men wd line losses The Indro pi mt md the transmission 
line should then 1« on id M<i is \ unit in figuring economic lendings 
52. Dividing Load Fluctuations The the is I hit hx'lict is most useful 
in the top of Ihe loiel tune opei ifin ,2 at low load I uteir i true onlv up to a 


STEPPING HYDRO-PLANT LOADINGS U21 


certain point. Fluctuation of hydro loads and low-load-factor operation 
reduces the amount of generation which can be obtained from a given use 
of water. This effect is exaggerated in the low-hcud plants where the reduc¬ 
tions in head caused by rising toil water are a larger proportion of the total 
head. Increased fluctuation of load means less generation at the higher heads 
during the night and mote generation at the lower beads during the day. The 
combination means less total generation from a given river flow than would 
be secured by uniform o]>ciution throughout the day. Such losses increase 
very nearly as the square of the kilowatt-hours transferred from the night 
to the day period. 

To illustrate the point, consider a 50,000-kw plant uix?rating with a river 
flow niiffirient to carry 25,000 kw continuously with a full pond and a head 
of 30 ft. If, instead of operating the plant continuously, it is desired to oper¬ 
ate at 50,000 kw for approximately 12 hrs during tbr day, leaving the plant 
shut down (luring the 12-hr night ]>enod, there will be a draft from storage 
of, sav, 0.6 ft from pondage during the day and a storage of 0.6 ft during the 
night. During the period of generation the pond level will be an average 
of 0.3 ft lower than it would be for continuous operation at 25,000 kw. Simi¬ 
larly the tailrnce will be higher during the period of generating at 50,000 kw. 
The average tailrnce, for example, might Ik? 2.0 ft higher The water avail¬ 
able would therefore be used in the first va^p at a 30-ft head and in the 
second at mi average head of only 27.7 ft. Total generation for this first case 
would be GOO,(KM kw-hr and for the second only 554,000 kw-lir, a reduction 
of 7.7 r/ c . Adding to tins the cost of the extra starts and stops of machines 
and of their passage through inefficient zones of operation, the total loss 


will be around 9%. . . 

Fluctuation of the load carried by n steam plant likewise increases unit 
production costs. Fluctuation may mean additional boiler starts and machine 
starts or it may mean carrying excess rolling or stand-by capacity during the 
light-I wul periods sill of which inrrea** unit iwth. Yet there is a practical 
l,mil to the rm» to to made in -team-plant operation by improved load 
factor. Few Mciim plants are designed for operation at load faetora above 
SQ%. The last few increments of load-factor increase may yield very insig- 

'r.r.T,: 7i 

I. mmlc lh«t nil l*mt» >ta'W Jl «" lh ' *” d ""J"' 1 ' Th. 

i .I. i WM 1 i ( i tnkp however, will vary from plant to plant, me 
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53. Stepping Hydro-p ir in tbc different plants, advantage 

Xam loads within the efficient range of the turbine 
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and boite™ on load. It is often rouble to %U V " the load of a hydro plant 
to avoid part-gate 1 operation for any length of tujne. f/jch hydro plant has 
loading zones within winch it can operate at top efficiency. Figure 2, re¬ 
ferred to in Section <>, shows such zones for a six-unit plant, instead of letting 
a hydro plant follow the changes of system load and pass gradually through 
inefficient loading zones, its load would be stopped promptly from one efficient 
zone to the next, provided the load change could lie divided aiming the units 
of other plants without materially increasing their increment eosts of gen¬ 
eration. Recognition of this factor is particularly important where the units 
of a hydro plant are large. A- pointed out elsewhere, operation at low gates 
on hydro involves big losses as compared to changes of economy within the 
usual range of ordinary operation on a steam turbine. 

64. Long-range Uses of Storage. First in importance on systems where 
seasonal storage is available would be the planning of reservoir levels for the 
different periods of the year both to yield the most energy during low water 
for use in the to]) of the load curve and to catch excess Howl waters for build¬ 
ing up the total generation. 

The many factors involved in such planning make it desirable to develop 
“rule curves" which will sum up experience equivalent 1u operating the system 
through all Ihc river conditions of the past Tln*se rule curves will slmw the 
erouomic drawdown of the reservoir beloie any regular spring or lull rains 
that may be chaiacterMir of the drainage Tiny will also show how much 
margin it is desirable to leave below full leseivoir level at .ill times of the year 
for absorbing casual tloodwalors. The mle curves serve merely as a summary 
of a lot of detailed engniceiing analysis. Tiny should not lie looked on as 
rigid sTliedules but merely as guides. 

Usually it will be necessary to develop two rule curves: the first for 
capacity operation where Ability to cany i>euk is the main roiMilemtion; 
the second for energy operation wheie maximum economy is the guiding aim 
The first rule curve will be lo*s concerned with catching floodvvutcis and will 
ami to conserve storage pnmanly to vield maximum output during the ex¬ 
treme low-water periods the M'cond rule curve will utilise greater rcs(»ivoir 
drawdowns to catch more fl'*idwa1crs and generate the most energy. With 
thi»se tw ? o mle curves available it i- poviUc* to judge 1 fairlv elo-elv the pro]iei 
position of the reservoir for any tvpe of operation at any season of the year. 
A new plant coining on the a new trs'Mnis^jun facility, or rhangiN in 

the seasonal clia rad eristics ot the system mad curve wall alter these curves 
for system use of storage. 

In northern climates, where ice utTerts the rivers considerably, there is usu¬ 
ally a water shortage in the ti:m>ition period between o]s*u water and ice- 
rovered streams. During the initial ficezr up ])eriod, a considerable amount 
of water is stored under the ice rover in comjieiis'Ming for the low’ered velocity 
of flow. This s;r' * siuuge will be released in (he spring ivheu the iee goes 
out. Reservoir storage may be lisni o tide over the temporary diortage at 
the time of the freeze-up. Whore the breakup can be predicted with reason- 
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abJp closeness it mny he po*wihle to draw on storage and have it about used 
up pint before the breakup and then to replenish the Rtorage with the exeew 
water that would otherwise 1* wasted. Careful analysis must be made, how¬ 
ever, to determine that the plant will not be caught with reduced head, no 
storage, and a delayed breakup. 

The next use of storage in order of importance would be in reducing the 
fluctuations of top average steam loads from week to week, thus in effect sub¬ 
stituting low-cost generation for high-cost generation. Surh use may often 
avoid the high cost of starting up another htand-by steam plant. 

Seasonal storage may also be iwd in anticipating fuel shortages at the 
steam plants, and in connection with planned outages qf major equiirnient. 
Many times, by planning ahead, sufficient storage may he conserved to handle 
«uch outages without los*. When the outages come they may tie handled from 
storage without making it necessary tn use inefficient generating capacity. 

Judicious use of storage sometimes make* it possible and economical to shut 
down n plant entirely for extended periods and transfer the operating force 
to maintenance work on other parts of the system. This is a particularly 
fruitful source of «vMem eennoiny where the range of hvdro operation is large 
and there are many small plants on the system. 

B5. Scheduling System Maintenance. The best period** for steam-unit 
outages for maintenance can be figured bv the probfdulily method from the 
reroids of stream flow in the various watersheds. Fitting steam maintenance 
into the periods of flush hydro and hydro maintenance into periods of low 
water will reduce maintenance cnM<* very materially. An ideal combination 
would l>e to have steam and livdro plants’ rinse enough together so that joint 
-hop facilities and joint maintenance organizations could be utilized and a 
nioie uniform load of maintenance work obtained thereby. 

Outages of steam turbine- for inspection nnd maintenance are often a seri¬ 
ous tax on economic operation, particularly where the units are large and 
efficient. When they come down, their load muM be suirpliod bv other units 
winch usually will earn* higher lop increment co*t-. With large units this 
lu.iv repr<*ont quite a spread in generating costs. Such outages can be very 
ex]reiiHivc. Outages for maintenance of efficient steam units duriug periods 
of low hydro m?i\ require generation on tit her Meant units at double the cost. 

On a system wheie l bin is the ease, it may be quite advantageous to take 
steam-turbine outages ahead of their regular schedule if hydro conditions at 
the time are favorable. If hydro conditions are unfavorable and continue 
unfavorable it may be feasible to imMpone the outages until hydro is favor¬ 
able. It may be desirable to postjimie the outage fl months beyond the due 
•late, waiting £ot an improvement in hydro. Usually hydro will get a break 
for the bettor within a 1-year period. 

By scheduling hteam maintenance in the above manner, the steam turbines 
may lie serviced more uileii on the average. Though the direct coat for main¬ 
tenance will lie increubod, the energy corf of the outages will lie reduced far 
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more and tbo total cost resulting from maintenance will be substantially re¬ 
duced. 

56. Pooling Plant Capacities. Although it is highly desirable from the 
standpoint of operation for each load coni or or section of a system to have 
its own efficient generating cuparilv and its own reserve, it is also desirable 
that generation be pooled by means of adequate and reliable tie lines. Pool¬ 
ing of plant capacities will reduce the co*t of reserve for the system and at 
the same time permit eich plant to operate on the average much closer to its 
maximum efficiency point. 

If all generating unit* can be operated tied together, the rapacity of each 
above its point of maximum efficiency can be counted on as system reserve 
capacity in the event of a failure. With tightly loaded tie lines of adequate 
capacity, failure of the largest unit will be covered in part by the excess rapaci¬ 
ties of all the other machine* of the system. Not only will loss reserve be 
required oil the section whore the largest unit is located, but aNo the reserve 
provided for that section will be available to nil the other sections. Contrast¬ 
ing with this, when the *vstoni i* split up, each section must provide reserve 
for its largest unit, *o that Ihc total reserve provided for Ihc syslem will be 
roughly proportional to the munlier of sections separated. 

Pooling capacities will reduce the amount of inefficient part-gate operation. 
Thrre 1 * always a con^dcrable loss due to the inabilitv of a plant to follow 
a varying load curve without swinging the loadings of individual unit* away 
from their point* of maximum efficiency. This hws i* greatest when the load 
supplied it- small relative to tile mkc of the units (ieiiorally speaking, tying 
two *ection* of a sv*tem together will halve the lo** from part-gate operation. 

There i*, of course, the more obvious gain in being able to use units-, in 
different plants in the order of their efficiency when plant capacities are pooled. 
Such gain* will he confined usually to the sfeatn plants In hydro plants the 
fuel supply cannot he diverted from one plant to another and liuM l>e us-ed 
where and when it is available. Only where the pooling of capacities takes 
place in one station will it be possible to make gain* from thi* source on hydro. 

57. Service Records—Hydro and Steam. For a number of ypars suc¬ 
cessive Hydraulic Pow*or Committees of the National Electric Light Associa¬ 
tion kept a careful record of outage* of Mime 200 hydraulic turbine*. Outages 
were classified according to rause*. A summary of the*e data will lie found in 
NJS.L.A. publication 210, April 1932. These records show an average “service 
demand availability factor" for the period 1024 to 1930 of 98.7% for hydro¬ 
electric units at the plant. “Service demand availability faetoi” was defined 
as the percentage of the time the unit should have l>een in *ervioc that it was 
actually operated The total outage lime of all unit* for the 7-year period 
was* 4.3%. 

Similar records have boon kept for steam-turbine units by the Prime Movers 
Committee of the N iiional Electric Light Association and of the Edi*on Elec¬ 
tric Institute A summary of the*c data for the period 1914 to 1936, inclu¬ 
sive, is contained in Publication E14 of the Edison Electric Institute. The 
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service demand availability factors given for the period 1029 to 1036 for about 
300 steam-turbine units averaged 93.8%. The total outage time of all units 
for the same period was 8.5%. 

Attention is being called to these data because of their usefulness in analys¬ 
ing the operating records of the individual machines. They should not, how¬ 
ever, l»e used us representative of the sen-ice records of 'plants, nor should 
they be used as a measure of reliability of nervice as 1 between hydro and steam, 
Service reliability i* a function not alone of the prime movers but also of the 
electrical layout—the bus, transformer, and transmission nrtwork design, the 
system of relaying, as well as the amount and location of the reserve carried 
m normal ojicration. 

The low speed and simplicity of hydro unitB, their good sendee record, their 
availability within n matter of minutes foT emergencies, all must he consid¬ 
ered in conjunction with the transmission system and with questions of water 
supply, floods strikes, tornadoes, and other contingencies, if a true compari¬ 
son of hydro and steam plant reliability is to be obtained. The answer will 
be different for each system. Perhaps the onlv fair statement that can be 
made i* that a given degree of reliability can be supplied more readilv from 
a coordinated system of hydro and steam plants than from either hydro or 
steam alone. A combination of Ibe Iwo greatly decreases the chances of co¬ 
incident outages. 
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of hydro plants, 233 
rates. 283, 284 
for hydro, 236 
Depth of tunnel, 694 
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general procedure, 345, 346 
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terials. 407 
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cidilr measurements of, 39 
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miT, 32 

standard crest, 121. 122, 123 
stieam miusurcnunt, 32 
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Dix Rivei Dam, 451 
Di\on pltiiii. ]iropeller turbine of, 851 
Dmepio*Uoi, Fiancis nmiifis, 816 
Don Martin Dam. 401 
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dams, 399 

I>i.ift tube's, 770, 804, 865, 866, 867 
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Draft tubes, types of, 805/867 
Drainage, for powerhouse, 803 
in damn, 324, 471, 473. 486 
in earth dams, 414, 415 
Drains, posit iou of, 418 
Dredged earth canals, 110 
Dressed ashlar surfaces, 111 
Drill hole placing, tunneling, 697 
Drill holes, large, 92 
Drilling, blurting, 696 
chum, 89 
diamond, 01 
rotary, 90 

Drum gates, 505, 512, 513, 528 
weight of, 524, 525 
Drum hoi*1, 591, 597 
type of, 595 

Dry excavated earth rannl, 109 
Drying out general oik, 958 
Dry year", average frequency of, 8 
Duration curve, ISO, 1S1 
daily, comimtalion of, 182 
stream flow, 51 

Earth, angle of friction, 327 
Earth !Uid hilt pressure, 327, 328 
Earth-core type of rock-fill dam, 455 
Earth dams, 317 

advantages and limitations of, 405 
clayey mil, 409 
core wadis, 418 
cutoff, 418. 419 
WidN of, 418, 419 
details, 433 
drainage in, 411, 415 
Idlers, 416, 417 
and drains, 418 
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quantities in, 140 
quicksand, 419 
rock too, 417 
safety of. 410 
sand gravel, 409 
seepage. 413 
set I lenient of, 439 
shear, 422, 423, 424 
safety against, 425, 420 
stresses in foundation, 428, 429 
stability of, 422 

on impervious foundation, 426, 427 
Earth pressure, 325, 327 


Earthquake forces, 330 
increased water pressure caused bv, 
331, 332 

intensity of, 330 
on dams, 331 
Earth tunnels, 704 
Ecunomie advisability of hydro, 201 
bibliogruphy, 280, 281 
Economic analysis of a typical hydro 
project, 272 
Economic design, 
oi flumes, 633 
of steel pipe, 643 
Economic hydro ratio, 261 
Economics, of conduits, 608 
of hydro, 261 
of hydro plant, 1115 
operation, 1103 
Eddy losses in conduits, 100 
Edison Electric Institute, on hi eel pipe, 
644, 650 

Effect of ice, coefficienth for, 118 
on losses. 118 

Effective head in hydro plants, 152 
Efficiency, 151 
average, 160 

effect of number of units, 158,159 
of apparatus, 156, 157 
nf generators, 951, 952 
of hoists, 588 

of single gears with bearings, 590 
of tests, 871 

of three-unit liy Imelectric develop¬ 
ment. J5S 

ol typical hingle-unit hydroelectric 
development, 158 

Elastic arch method for arch dams, 381, 
383 

Elabticity, effect of, oil dams, 333 
Electrical connections, design of, 027 
main, 988, 989 

Electrical design, general bibliography, 
941, 942 

Electrical resistivity, 88 
Electric conduits. 770 
Elephant Butte dam, 359 
Emergency spillways, 503 
End conli act ions, 119 
coefficient of, 119 
effect of, 119 
Energy, 152, 153 
gradients, 131, 137 
output estimates, 51 
value, 266 
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Entrance loss, nl conduit, 100 
Equations, homologous, 834, 835, 836 
Etomuu below dams, 487 
Estimates, bibliography, 59 
of cost, 287 

of flood-control capacity, 51 
of stream flow, 51, 53-57 
Estimating form for hj T dro develop¬ 
ments, 288-299 

Etchevcrry, B. A., hydraulics, 106 
Evaporation, 3, 13, 15, 19, 23 
bibliography, 21, 22 
chart of, in U.S.A., 15 
denviwe with elevation, 28 
differences in, 18 
effect of rainfall on, 19 
from lakes and water surface, 14, 15 
from land surfaces, 19 
from reservoir, 85 
varies with elevation. 28 
Evaporation opportunity, 19 
Evaporation table, 16 
Ewing, A., evaporation, 21 
Exact performance equations, 1016- 
1049 

Excitation. 967 
Exciters, 970 

Expansion joint in steel pipe, 653 
Exploration of subsurface, SS 
Extension of stream gaging, 53, 55 

Facing plates. 882 
Facings, for rock-fill dams, 450 
rock-fill, 446 
steel, 449 
timber, 449 

Factor of HoJety, of earth dim, against 
shear, 425 

Factors affecting cost of li^dro develop¬ 
ment, 222, 223 

FucLors affecting runoff, bibliography, 
31 

Failure, causes of, in dams, 337 
of fluahboard pins, 506 
Fair return, 209 
Faults, geologic, 333, 472, 473 
movement on, 333 
Federal Pipe and Tank Co., 635 
Fiber conduits, 1015 
Field rheostats, 971 
Filler gales, 567 


Filters, 415 
drains, 486 
position of, 418 
for earth damn, 416, 417 
position of, 418 
Final investigation, 85 
Fine uniform sands, 406 
Fire protection, 957, 958, 1100 
Firm capacity, 188, 261 
of hydro, 261 
Fisli locks, 592 
Fishways, 529 

Fittings, pipe, losses in, 105 
Fixed charges on hydro plants, 238 
Fixed-blade runners. 817 
Flushbnuid pins, 506 
diagram of, 509 
failure of, 506 
Flashboards, 505, 511 
barge for removal of, 506 
permanent, 511 
temporary, 506 
Flemish bond brickwork, 796 
Float rnnliol, 914 
unit of Lihue Plantation Co., 915 
Float measurements, 42 
Flood flons, 60 
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frequency of, 71 
hydrogniph of, 79 
peak flows of. 61 
routing. 79, 80, 81, 82 
stieani rainfall, 76 
volume in. 78 
Fluor! studies, 63 
Floods, 60 

artificial storage, effect of, 70 
basic-stage method, 72 
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frequency of. 60, 71 
fnquency studies of, 73 
frosen giauml, effect of, on, 70 
future frequency of, 74 
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hydrogniph of, 60, 78 
indications of past, 75 
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i atural storage, 70 
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Flood**, plolting of, 71 
probubilit}', 71 
plotting of, 72 
pmlmble luturr, 73 
rainfall, effect of, on floods, 77 
records, 63, 60 
of peaks, 61 
routing, 79 f 1103 
shape of hydrography SO 
storage, offset of, on, 70 
storm runoff of, 78 
sudden rolcuM nf, 70 
unusual peaks, 61, 60 
valley storage, 70 
yearly storage method, 72 
Flour blocks, 480 
Floors, 796 
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multiple-iii eli, 398 
Flotation gradient, 419 
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115 
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end contractions, 119 
formulas, 118 
staudmd rie**t, 121 
\eloeilv head, 120 
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Flow demand, 163, 174, 170. 185 
Flow duration rune, 180 
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Flow net, 117, 175 
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shearing stresses in, 428, 429 
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weight of, 330 

Fowler, F. 11., uiehew, 382, 393 
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Freezing in dams, 394 
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Future development value, 286 
Future return, values for, 286 

Gadcn and Calanie, water hummer, 728, 
753 
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caterpillar, 505, 516, 565, 571 
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taint or. 505. 514, 565, 572 
at Wissota intake, 578 
weight of, 526 
tilting, 505, 512 
timber, 559 
wheeled, 505, 515 

at Camden. N. ,T.. 564 
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Ground-water btuges, 24 
Grouting foundations, consol id, 1 1 ion, 
471 

ruitum, 471 
gallery, 472 
Grow don. J P., 453 
Growth, algae in conduits. 117 
Giudc beaiinge, 886, 887, S88 
Guide \ anes, 879 
G unite linings, flow past, 110 
GunteiMille de\elopmeiit, 569 

Hull, L. K, hydidulics, 141, 149 
Hiilmos K E, hvdiauhe-, 119 
mater hammer, 728 
Ilandbig gates, 560 
HamiidU powerhouse, 7h9 
Hun i", F. 8., cvupoiation, 21 
Hmza, L F, flow nc t, 481 
Uplift, 493 

Hathaway, G A , floods, 82 
Haubcr Lake Dam, 15S. 161, 466 
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Henny, D. C, damn, 378 
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without friction, 139 
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Hydraulic models, 144, 150 
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Losses, at bends, 102-104 
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at eonduits, 100 
at head gates, 102 
at inlako, 101 
at valves, 105, 106 
due to enlargement, 106 
eddy, 100 
effect of ice, 118 
for cast-iron pipe, 115 
for concrete-lined pipe, 117 
for rantinuoub-mlenor pipe, 116 
for girth-riveted pipe, 1J6 
for riveted pipe, 116 
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from watershed, 24 
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small pij>c, 115 
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Manning’s equation, 108 
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Model tests of arch dams, 383 
Models, hydraulic. 144, 150 
Modulus of elasticity of concrete, 380 
384 

Mohawk Dum, 497 
Mokelwnme River system, 170 
Molitor, I). A., waves, 328, 378 
Money, cost of, 209 
for hydro plant, 237 
rcquiml for hydro, 234 
Monthly peak loads, 248 
Monthly peak**, 247 
Montreal ltd and plant propeller, 822 
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Mommg-gloiy spillway (mm* Hhoft sp 11- 

*ny) 

Morns Dam, 359 
Motive power, 599 
Motors and controllers, 1025 
Motors for pate hoists, 599 
Mo\emen1 oil faults, 333 
Murkinp of tunnels, 698 
Multiple-arch dams, 394, 397 
deck of. 397 

Multiple-'tep devipn of pi.ivitv dams, 
345, 317 

Myer maximum, modi Tied floods, 62 

Napier, F. A , hydraulics, 148, 119 
Nantuhula Dam, 452-156 
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Needle \»!\es, 522, 521, 014 
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interior diffeienliul type, 615 

Jairner-Jiihnsfiii type, 611 
Needles, 506, 51S 
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Netwoik analyzer, 940, 941 
Net works, 1050, 1051 
New England Power Co., 598 
Newport News mechanical rake, 54*1, 
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Newport News Shipbuilding and Dry- 
dock Co., 541, 547 
Niagara Falk, Francis runner*, S16 
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Niagara Falla, powerhouse, 793 
units of, 857 

Niebcrhof, A. E.. pates, 528 
Niederwartha pumped storage plant, 
near Dresden, 204 
Noctzli, F. A., dams, 404 
Nomenclature, 318, 319 
Non-overflow solid gravity dams, 347- 
351, 358, 359 
200-foot, 352-357 
350-foot, 357, 358 
Norfolk powerhouse, 792 
Norman plant, 819 
Norris Dam, 359, 490 
paneling in powerhouse. 795 
Norwood powerhouse, 756, 786 
Number and arrangement of circuits, 
1032 

Number, of phases, 929 
of units, cited of, on plant efficiency, 
159 

Oak Grove plant, 864 
Obsolescence, 211 
Ocoee No 2 flume, 634 
Ohio Falls powerhouse 763 
Ohio River Dam No. 6, 512 
Oil. for governor, 903 
for transformers, 982 
Oil pleasure, absence of, for governor, 
905 

Open channel flow, hydraulic bore and 
suction wave in, 108, 109, 137, 
138, 139 

vuried flow, 110 
Oiwn conduit, 114 
Open flume net tings, 757 
Openings, flow through, 126 
restricted. 126 

Opm system for governor, 905 
Operating coats, method of dividing, 
218 

oi hydiu plant, 238 
of steam plants, 216 
Opera Ling force for gates, 584 
Operation, accident prevention, 1075, 
1100 

bibliography, 1125 
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cost of, 1082, 1119 

dispa telling, 1084, 1116, 1117, 1119, 

1120, 1121 

duties of operators, 1083, 1101 
economics of. 1103, 1115 
equipment ratings, 1078 
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Operation, fire prevention, 1100 
flood routing, 1103 
forecasting, 1112 
generator*!, care of, 1090 
governors, care of, 1091, 1097 
hydrographic diitn, 1080 
loading schedules, 1086 
maintenance 1 , 1092, 1123 
of storage for power, 188 
organization, 1075 
pondage, 1111 

records und reports, 1081, 1092, 1108, 
1124 

reserve capacity, 1118, 1124 
river-level control, 1101 
runner pitting, 1095 
spillway operation, 1102 
storage, 1122 

structure maintenance, 1099 
transmission, 1120 
trash-rack maintenance, 1098 
turbine efficiency, preservation of, 
1107 

turbine leakage, 1106 
turhine operation, 1104, 1105, 1106 
turbine lestH, 1109 
turbines, care of, 1087, 1093 
with tfenm, 1116 

Operation and maintenance, cost of, in 
hydro plants, 238 
Orifice*, flow through, 95 
Outdoor station structures, 1071 
Outline of report, 302, 303 
Output, 166 

Ovcrbreak and pur-line in tunnels, 701- 
703 

Overburden, 85 

Overhang of urrh dams, 385 

Overturning of dauih, 337, 338 

Painted flumes, 113 
Painting of steel pipe, 655 
Paneling on concrete surface, 795 
Parallel operation of transformers, 962, 
977 

Pardee Dnm, 359 
Partial cutoff, 419 
Parts for turbines, 875 
PartR of hydro development costs, 221 
Path of percolation, 477 
Paul, C. H., on dam*, 493 
Peak flow of floods, 01 
Fuller’s equation, 61 
Mycr’s maximum 100%, 03 
unusual, 64 


Peak flows, 61, 69 

Peak-loud hydro plants, economics of, 
278 

for systems with sharp peaks, 205 
functions of, 200, 204, 205 
to supersede old steam plants, 278 
Peak-load plants, Georgia Power Com¬ 
pany, 201 
Peak loads, 247 

Peak percentage rurves, 250, 255 
Peak week load curve, 251, 252 
Pee Dee River powerhouse, 798 
Pelton wheels, 813. 814 
PenroHi*-Rosomont Dam, 449 
Pensacola hollow buttress dam, 401 
Penstocks. 607-609 
air valves in, 609 
velocities in, 608 
water hammer in, 708, 725 
Percolation, path of, 21, 477 
Fcrkioinen Creek, 173 
Permanent earth dams, 405 
Pennanent flashbounls. 511 
Permeability, coeffieient of, 479 
coefficient of, 479 
horizontal, 414 
vertical, 414 

Phasing out and synchronizing, 960, 961 
Philips & Davies gates, 516, 566 
Philips, E. 14., 586, 590 
Pickwick Landing development, 570 
Piers, coefficient, 119, 120 
contraction at, 119 
Piling under dtuns, 343, 344, 485 
Pin hoist, 591 
Pinnacles development, 617 
Pins for progressive failure, 510 
Pipe, coefficient of discharge, 115, 11G 
concrete, 117 
flow through, 115 

steel, 116, 639 (see also Penstocks) 
anchorage's, 650 
bibliography, 658 
buried pipe, 656, 657 
design, 610 

economic design of, 643 

expansion and run true! ion of, 655 

expansion joints in, 653 

Ion i ling of. 639 

painting ol. 655 

physical properties of, 641 

piers for, 648 

protection against freezing of, 657 
-mg girders for, 640 
liveted, 643 
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support n for, 648 
temperature tsluinges in, 655 
types of, 039 
weights of, 617 
weldwl, 644 

working stresses in, 643, 644 
wood-stave, 116 

Pipe drams, in earth duni«, 416 
Pipe galleries, 770 
Pipeline, air \alvoB in, 608, 609 
bench for, 617 
butterfly valves hi, 614 
concrete, 607 
conduit valves in, 612 
cone \alven in, 017 
gate valves m, 616 
manholes in, 612 
needle v ah c*, in, 614 
steel, 607 
valves in, 613 
wood-slave, 607 
Pipes, through earth dams, 444 
water hammer in, 708 
Piping, 420, 480 
Poison’s ratio of concrete, 381 
Pit River No. 5 plant, 870 
Plain sink gates, 614 
Plant capacity, effect of pondage (in, 
162 

equal to peak demand, 162 
less tkin plant demand, 162 
Plant eti i lency, average over-all, 160 
Plant factor, decline vvilh age for 
steam, 21G 

Plunl factors. of hydro, 215 
of steam, 215 

Plants without governors, 013 
Plastic clay, 406 
in silly clay foundation, 409 
Plate-steel ninneih, 817 
Pla1i*-stcel spiral easing, 858, 859 
Pondugc, 59, 162, 166 

and storage, bibliography, 100 
use of, 1111 

Populated district, spillway in, 60 
Position of drains, 418 
Possible energy output, 230 
Possum Kingdom Dnm, 402 
Power, average, 151, 153-155, 928 
Power circh equation, 1056 
Power factor, 934 
Powerhouse drainage, 803 
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ture, jK)wcrhouse 

Powerhouse superstructure, see Super¬ 
structure, powerhouse 
Powerhouse walks, cutoff buttresses, 
421 

Power supply, total annual coat of, 275 
Power system stability, 941 
Power lest code, ABM J5., 128, 130, 131 
Precipitation, 3 
Prediction Joiuk, 258, 259 
Preliminary investigation, 85 
Pressure regulator. 9LG 
for lloovcr Dam ,unit, 918 
water-saving, 917 

PresMirc-reguiulor discharge, absorp¬ 
tion of energy from, 919 
Pressure rise mid speed rise chart, 912 
Price, W. H„ hydraulics, 147, 150 
Probable deviation of streim flow, 51 
Probable frequency, 10 
Probability curve of rainfall, 10 
Probability floods, 72, 74 
Produclion rosth at ten typical steam 
plants, 218 

Propeller runners, 817 
Piospcrlmg by clcctimil resistivity, 88 
Public utilities, 85 
Puddling, 434 
Pull-up curves 1066, 1077 
Puls. L. (1,, hydra it lies, 149 
Pump arrangement, governor for, 902, 
903 

Pumped storage, net return for, 278- 
280 

Pumped storage hydro plants, eco¬ 
nomics of, 202, 278 
Pumped storage plants, 200, 203, 204 
Purpose of report, 282 

Qualification of reports, 301 
Quantities for substructure. 776-781 
Queenston-Chippewa development, 766 
plant, 193 
Quicksand, 419 

Rurk-und-pinion hoists, 594 
velocity at, 101, 102 
Ruck heater unit*, 550, 551 
Ruck heating, Grund Coulee Dam, 651 
Racks, construction of, 541 
heating of, 550 
inclination of, 540 
losses nt, 101, 102 
velocities through, 547 
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Racks, welded, 543 
Rainfall, and runoff, Miami, 56 
average frequency of dry yours, 3, 8, 
13, 19 

bibliography, 10, 11, 12 
definition, 3 

effect on evaporation, 19 
effect on floods, 70, 77 
mean annual, 5 
percentage of maximum, 77 
rate of, 3 
storm, 77 

weighted method of determining, 6, 7 
Rainfall probability curve, 10 
Rainfall records, accuracy of, 5 
Rainfall stations, location of, 5 
Rainfall ycur, 8 
Rake, mechanical. 544-546 
Raking platform, 558 
Raking ruck*, 544 
Rumscr, (A E., hydraulics, 149 
Ronkine’s formula, 327 
Rannomc, F. L., dam*. 378 
Rate of return. 286 
Rating, of current mrtrr, 46 
of transformers. 976 977 
Rawhouser, V . concrete, 378 
Reacti\e factor. 934 
Reconnaissance for investigation, 84 
Records and clieck lisl for lepoils, 303, 
310 

Record* of Mage, 46 
Recorder, water-stage. 36 
Rectangular onficc with low head, 99 
Rectangular lubes, 90 
Rodridgo Dam, 463. 164, 406, 467 
Regrading tail race, 783 
Regulated flow' 188 
Regulating r mined inns, 883 
Regulating cvhndcr*, 900 
Regulation, 952 

and power diagram*, 1052-1055 
of transformers. 07H. 979, 980 
RehbockV weir foiinula, 128 
Reid. L.j dams, 363, 378 
hydiaulies. 149 
Relief valves, 725 
Remote-control stations, 914 
Report, arrangement of, 282, 300 
bibliography, 312, 313 
check list lor, 303 
extent of, 283 
outlme of, 302 
purpose of, 282 
qualifications of, 301 


Reports, records for, 303-312 
subject matter of, 301 
wording of, 300 

Representative hydroelectric develop¬ 
ments, 223 

Reserve, for hydro plants, 1118 
hydro units for, 256 
ltesrrve capacity. 256 
Reservoir evaporation, 85 
Reservoir plants, 195 
Resistance, reactance, and impedance, 
077, 978 

Resistance coil, 057 

Restoring mechanism, governor for, 901 
RrMrirLed opening*, 126 
Resultant, location of, rule 1, 338 
Retrogression of streams, 492 
Revolutions per minute, diagram, be¬ 
tween 828-829 
Reynold*.’ number. 144, 145 
RheoMuts. enorgy-dismpating. 964, 905 
water, 905, 906 
Richelieu Rivrr, 173 
Ring gliders for steel pipes, 616 
Ripley, T. M., hydraulics, 128 
Riprap, 441, 412 

River discharge, bibliography, 32, 50 
computations of daily discharge, 49 
River gaging, bibliography, 16. 32 
cuirenl-meter. 42 
11 oat meuMiirmenls, 42 
slope meuMiieiuriiK 41 
velocity-ami method of, 41 
weir method of, 40 
Rn er*, in Walt i Supply Pnpt n , 52 
Riveted pipe, 643 
steel, 116 

Roberts, K. C’, gates, 530 
Robinson, J. S., evaporation, 22 
Rock, Elmer, -pdlwavs, 530 
Rock-fill dams, bibliography, 317, 110, 
456 

Salt Springs, 440, 448, 451 
Rock hoist, 594 

Rock Inland, Nagler piopellrr ruiinrr, 
822 

powerhouse, 787 
Rock toe, 417 
Rocks, 540, 541, 512 
Rocky River, L «bbler sv stein. 553, 745 
pumped storage plant. 202, 204 
Rogers, I'\ (\, dams, 403 
Rohwer, Carl, evaporation. 21 
Rolling embankment, 435 
Holing gates, 500, 516 f 517 
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Roofing under dams, 482 
Roofs, 797, 708 
details of, 803 

Rose, E„ icr pressure, 326, 378 
RaUry drilling through in erburdcn, 90 
Roto valves, 617 

Rough methods, of determination, 92, 
93 

of stability analysis, 429 
Roughm*** in models coefficient of, 146 
Round-hend butt rest* dam, 397 
Rouse, H.. dnins, 363, 378 
hydraulics, 149 
Routing floods, 79 

Rubble barking of fare of rork-fill 
dams, 449 

Rules fur dam design, 338 
Runaway speed of turbines, 814, 846 
Run-of-rner hydro plants with pond- 
uge, 191 

Runners, turbine, pitting of, 1095 
Runoff, 13, 2(1 
equation 1 * for, 57 
errors, 51 

factors affecting, 23 
Justin Jnrmulu, 58 
storm, 78 
surface, 20 

Runoff relation rune, 53 
Runoff relation*, 53, 54 
Ru**ell, G. t\, hydraulics, 150 

Sabrina ''him, 419 
Saddle -pill way a, 407 
Safe Harbor development. 553, 556, 856 
powerhouse, 800 
Safety, in dam*, 344 
margin of, 311, 345 
of earth daius, requirement a, 410, 411 
Sag tension rune, 1065, 1060 
Saguenay development, 576 
Salt Spnugs Daiu, 446, 448, 451 
Saluda Dam, 497 
Sampling over! hi nil'll, 90 
San Gabriel Druns Nos. 1 and 2, 452 
Sand gravel, suitable' design for, 409 
Sand gravel and clayey wit, for a highly 
impervious foundation. 408 
for a highly pmioii" foundation, 409 
Sund Irujw for caiuls, 629 
Hchamborger, H- O., operation, 1105 
Heheman, L\ H., steel pqie, 639 
Schidcnhclm, F. W„ dams, 470 
Schmidt, L. A., Jr., leakage, 493 
Schneider, G. R., floods, 77, 82 


Schnyder, 0., water hammer, 727 
Hchoellkopf plant, 192 
Schoellkopf powerhouse, 793 
Hchrontz, (\ C. ( dumo, 378 
Scobey, coefficients for steel pipe, 116 
flow equation, 113, 116 
Scobey, F. f\, hydraulics, 107, 108, 140 
Screw-stem hoist, 589, 597 
for gate hoist, 593 
Scroll cases, cast-iron, 850 
cant-steel, 860, 862, 863, 864, 866 
plate-steel, 860 
Shasta, 860 
velocity in, 850, 851 
•Seals for gates, 579. 580, 581 
Section, tunnel, shape or, 691 
Sections, climatological, 5 
Hector gale, hee Taint or gale 
Seely, F. 604 

Seepage, effect of drainage on, 415 
from buttressed dams, 29, 397, 411 
in canal*. 624 
in dams, 397, 477 
in tunnels, 706 
quantity ot, 413 
Sc epage lmc, 411, 413 
position of, 411 
Seepage lus*, 29 
m cun.iK 622 
Seepage of itunfnll, 20 
through capillary action, 21 
tluoiigli percolation, 21 
Heiclic*. 329 

Hejwnic *ulsurface methods, 88 
Seinihydr.iulic till dam, 436 
Senuliwnchs of htage-diselmrgc rela¬ 
tion, 33 

Servomotor, 8, 896, 897, 900 
Setting, diagram ot, 850 
dimensions of, 852, 853 
exumple* of heights of, 842 
height of, 830 
impulse-wheel, 867 
Settings, metal spiral-case, 76S 
\ertical concrete, 757 
Settlement, of rock-lill dam*, 451 
Settling bn*in» tor canals, 631 
Setups, 329 
in re*ei\oirh, 329 
Sewull’s Inland powerhouse, 757 
sotting for propeller runners, 758 
Shaft, main, 883 
spillways, 500 
Shu ft s and adits, 705 
Shape of crest, 360, 362, 363 
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Sharia Dam, 359 
gates, 505. 515, 
scroll rases, 800 

weldrd steel-plate spiral casing, 859 
Shiiwencgan Fulls, 550 
Shear, factor of safety against, 425, 426 
in downstream portion of darn, 422, 
423 

in foundation, factor of safely 
against, 429 

in upstream port of dum, 423, 421 
Shearing stresses in foundation, 428, 429 
Sheet ice, 548 
Shield method, 605 
Shifting ring, 883 
Shooting for tunnels, 697 
Hliorrr, II,, dums, 404 
Short-circuit analysis, 936-940 
Short tubes, 95 
Shrinkage in (lams, 403 
Side-channel spillways, 490 
Silt, affeeting dum tightness 325 
deposits of, in resenoirs, 107 
inertia of, 333 
pressuie of, 327, 328 
Silty rlay willi unc on soli tinted founda¬ 
tion, 409 

Similitude, li> drnulie, 144 
Simin, O, waler liainnier, 727 
Himple slab fleck, 397 
Simplex Valve <k Meter Co., valve, 010 
Single-runner vertical open-flume h*I- 
tiug, 818 

Single-step design, 349-3/52 
for darns, 347, 319, 307 
Single-unit plant 157 
efficiency of, 15S 
Sinking-fund lurthod, 285 
Sipes* Sulmay Mack paint, 650 
Si]>hon spillway*, 501 
Site for siren ui-dihrhnrge measurement, 
33 

Skaguuy Dam, 449 
Skin-friction conduit losses, 108 
Slab, 397 

Sliding, of dams, 337, 338 
resistance to, Hide 2, 338-311 
Sliding mite, 525, 505 
Slope measurement q of gaging, 41 
Slope protection for eailli dams 440, 
441 

Sluice gates, discharge through, IN) 
flow* through, 100, 520, 521 
Sluices, 520 

Sluicing m rock-fill dams, 451 


Small smooth pipe, 115 
Smith, S. Morgan, Co., 523 
Smith-Kaplan runner, 821 
Soil moisture, recapture of, 20 
Solid gravity concrete flams, choice of, 
317 

Solid gravity non-overflow dams, 347- 
351 

cuntenlH of, 361 
spillway dams, 359 
contents of, 371 

Solution on installation, 256 1 

Source region ot air masses, 11 
South Luk » Dam, 449 
Spare pant, 920 

Spied, of impulse wheels, 837, 838 
of reaction turbine*, 836, 837 
iccummendcd, 827 
short-cut determination of, 828 
specific, 825 

synchronous, 839, 840, 811 
Speed droyi, goieroor, 902 
Speed regulation, 906-910 
problems of, 910, 911 
Speed lings, 876, 877 
for Horn er plint, 877 
slay-bolt type of, 878 
Spherical tlnust beating, 891, 893 
Spillways, bibliography, 194 
capacity estimates for, 51 
chiile, 498 
fT(*st g.ilr* of, 504 
crest-. lor, htaudard, 460 
cutoff buitusses on, *121 
flam, 20-foot, 370 

hinglc-ricp design for, 349-352, 363- 
370 

dir-charge, 117, 128 
economic, 494, 495 
emergency, 503 
fi.it-nested, 125 
for canals, 628 
Tor rock-fill dams, 452 
gates, crest 504 
sluice for, 520 

gru\ il.v dam*, iu hikes for, 125 
quan utich m, 372 
walls of, 421 

headwater control, bibliography, 530 

in populated districts, 60 

Imgth of crest, 499 

saddle, 497 

th. ft, 500 

morning-glory, 500 



INDEX 


1147 


Spillways, siphon, 501 
model tests, 502 

Spiral ease settings, for horizontal 
unite, 70S 

for tmall unite, 878 
Spiral casing, cast-iron, 859 
Spring Creek, 24, 25 
Spring thrust liearing, 890 
Spur-geared hand-operated gate hoist, 
503 

St. Anthony Falls, stilling basin, 487 
Stability, of eurth dams, 422 

against headwater pressure, 422 
on mipcniuuH foundation, 426, 427 
of hydraulic fill dams, 431 
requirements for, 336 
Stability analysis, rough mclliod of, 429 
Stadia suncy, 85 
Stage-discharge curve, 32 
Stngp-dischnrgc relation, 32 
sensitiveness of, 33 
Stairs and railings, 799, 800 
Standard crest flow, 120 
Standard dnm crest, 121, 122, 123 
Shinlev, Cl. M., 46M 
•Starting generator, 960 
Static friction, coefficient ol, 585 
Station equipment oi stream-gaging 
station, 35 

Steam and livdro energv the same 
value, 2G6 

Steam operalmg costn, method of di- 
vid ’ig, 218 

Steam pl.i it capacity factors 215, 267 
Steam pLinln, a dual animal cunt of, 
207. 21S 

capital cost of, 207 
depreciation of, 211 
effect of annual capacity factor on, 
217 

effect of fuel cosl on, 219 
fixed charges on, 20S 

and Aiuiable cost of opciamig, 217 
inipren lunents in, 207 

obsolescence, 211 
oiieralmg cost of, 216 
operuling with hydro. 1116 
production costs m ten typicul plants 
219 

Steam power, effect ol fuel cost, 219 
Steam power coat, bibliogiaphy, 207, 
221 

Strum versuH hydro cost". 269 
Steel rliules, varied flow in, 141 
Steel da mu, 462 


Steel faring of rock-fill dams, 449 
Steel flumes, flow in, 112 
Steel linings, flow through, 112 
Steel pipe, 607, 606, 639 
flow in, 116 

physical pro]KTties for, 641 
Scoboy’s coefficients for, 110 
Steel sheet piling for cutoff, 419 
Steele, 1). W., concrete, 372, 378 
Steep chutes, flow in, 141 
Stem hoists, 524 
Stevens, J. (!., scour, 493 
Stevenson’s formula for waves, 328 
Stewart, C R„ hydraulic*, 148 
Stewart’s coefficient of discharge, 98 
•Stirkney drum gate, 513 
Stilling dams, 487, 496 
Stoney gates, 505, 515, 572 
Stouey River Dum, 470, 475 
SLoplugs, 506, 518, 528. 601 
steel wood, 603 
Storage, at the plant, 186 
l>cnefite of, 162, 166, 167 
bibliography, 162, 166, 190 
due to freezing, 28 
effect of, on firm hydro capacity, 189 
on floods. 70 

in combined systems, 187, 188, 189 

o] tend ion of, 1122 

possibilities of, 188 

power, operation of, 188 

i emote from plant, 186 

ire pm einents, 174 

\allev, 71 

St oi uec anil pondage. 59 
Storage studies, analytical method ap¬ 
plied to, 183 
Storm rainfall, 70, 77 
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Subatmospheric effects, 322 
Subject matter of report, 301 
Submerged crest, coefficient of, 128 
Submerged hydraulics, 96 
Submerged spillways, 126, 128 
Submergence, effect of, 96 
Substructure of powerhouse, bibliogra¬ 
phy, 783 
dewatering, 774 
dimensions and volume, 775 
draft tubes, 770 
exciters, 756 
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Tilting gules, 505, 512 
Timber mb dams, 459 
Timber dams, 317, 458 
leakiige of, 458 
niuint cm <vo of, 450, 458 
Timber head gate, 559 
Timber upstream iucing, rock-fill dams, 
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Top-heading method of tunneling, 700, 
701 

Topographic maps, 87 
Total annual cobl of hydro, 274 
Tower design, J070, 1071, 1072 
Tower spacing, 1059 
Transformers, construction of, 973, 974, 
975 
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loot, 691 

section** of. 692, 693 
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pitting, 1095 

representative hydraulic, 812 
tents of, 1109 
types of, 813 
renting of, 895, 1105 
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